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An  experimental  program  was  conducted  t  determine  the  flame  quenching 
capability  ot  t-  ur  types  f  f  1  ame  arresters  suitable  f  r  install  at  i  r.  ,n  fuel 
cargo  tank  vents.  The  t‘  >ur  types  of  flame  arresters  included  a  single  30-mes.n 
screen  arrester,  a  dual  20— mesh  screen  arrester,  a  spiral— w'urm,  e rirr.i ed  ri Is 
arrester ,  and  a  packe  t  bed  of  rings  arrester.  The  tests  simulated  the  exha  ;s*  f 
:  ..ammaule  f  le;  ,•  air  mixtures  from  a  car.-*.-  tank  vent  into  art  open  deck  onvir .  ament . 
Munition  st  the  exhaust  from  ar.  external  source  caused  a  flame  to  flash  lack  ver 
a  unite  run-up  distance  to  the  vent  stack,  which  was  pr  tected  by  a  :‘..ame  arrester 
oome  tests,  the  flame  was  sustained  ,n  the  arrester  for  durations  up  t  -  j.'j  min¬ 
utes  .  The  flashback  flame  tests  used  eight  different  fuel/air  mixtures  t-  pr  dune 
t  -araes  with  speeds  representative  -f  th.se  from  fuels  that  could  be  carried  as 
bulk  car  go  ab  jard  typical  transport  vesseis.  The  fuels  used  in  test  in.:  were 
; }  acetaldehyde,  (2)  butane,  ■  Vi  diethyl  ether,  (1)  ethylene,  (5)  pas  .line, 

-.6;  methanol,  )  propane ,  and  (6)  t  Luene.  Of  these  fuels,  propane  and  ethylene 
were  usee  during  the  facility  check-out,  the  initial  screeninr  tests,  and  the 
sustained  burning  tests.  The  standard  test  condition  was  a  fuel/air  mixture  at 
an  equivalence  ratio  from  1.0  to  1.2  (which  produced  the  theoretical  maximum  flame 
speed  : : r  the  fuel  used)  and  a  flow  velocity  that  was  low  enough,  1.52  m/s  (5  ft/s; 
to  assure  flame  propagation  back  into  the  inlet  piping  in  the  event  of  an  arrester 
failure . 


The  experimental  program  was  performed  at  the  Jet  Propulsion  Lab'  ratory's 
Edwards  Test  Station  (JPL-ETS)  where  the  existing  B-Stand  facility  provided  suit- 
aoie  safety  protection  and  support  activities.  A  photograph  of  this  test  facility 
is  shown  in  figure  1-1.  The  facility  was  modified  by  adding  a  gaseous  fuel  system, 
a  large  flame  test  chamber,  and  a  vertically  directed,  sustained  burning  test 
stand.  The  fuel /air  supply  and  induction  system  provided  a  continuous  flow 
fa.amr.abie  mixture  int*>  a  23. B-m  ( T 8—  f t .  )  length  of  15.2-cm-  (6-in.-)  diameter 
piping.  .'he  flame  arrester  test  assemblies  were  mounted  at  the  end  .  f  the  fa  *i '.  ity 
piping  t  simulate  the  vent  stack  configuration  aboard  a  tank  vessel.  Option, 
t  lame  senses,  pressure  sensors,  and  thermoeoup.1  es  were  installed  in  toe  faoi.ity 
piping  t  witness  and  record  any  flame  penetration.  A  2.u-.-m-  (8-ft.-  diameter 
by  a .  ?  f-m-  (i'!-ft.-!  long  cylindrical  chamber  provided  a  protecting  enclosure 
surrounding  the  test,  arrester  and  the  flow  area  for  a  considerable  distance  i  vn- 
strearn.  The  open  ends  >f  the  test  chamber  were  covered  with  a  thin  opaque  plastic 
‘  i  im  to  prevent  wind  lilut.ion  and  dispersion  of  the  flammable  fuel  'air  mixture 
plume,  but  offered  minima]  restriction  to  the  expanding  gases  after  combustion. 

An  exhaust  collector  and  burn-off  stack  located  at  the  downstream  end  -  f  the  test 
chamber  maintained  atmospheric  pressure  within  the  chamber  before  ignition,  and 
provided  a  means  of  reducing  atmospheric  p->l Luti-m  fr  m  the  unburned  fuel /air 
mixtures  passing  through  the  chamber.  Optical  flame  sensors ,  pressure  sens  rs , 
and  a  h ish-speou  m  tin  picture  camera  were  used  in  the  flame  test  chamber  t 
witness  and  rec<  rd  ignitj  n  and  flame  propagation.  It  was  possible  t-  ignite  t  he 
1  jc.iiiit*  mixture  from  (.w<.  different  intuitions:  (l)  at  the  upstream  er:u  -if  t  he 
chamber,  <•  .ose  1  >  the  face  of  the  ter.t.  arrester,  and  (2l  at.  the  d. -wrist, ream  end  .  f 
tlie  chamber  where  the  dir.t.ance  was.  s.uf  fi  c  ient.  t-  insure  that  t.he  flame  pr-  -paga*  in* 
upstream  had  a'du’  eved  .••toady-state  s.peed  up  n  reaching  the  test  arrester.  Tv 
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An  initial  series  of  screening  tests  were  made  in  tie  full-scale  flame  t-ct 
chamber  usivg  propane/air  mixtures  and  ethylene/air  mixtures  (as  representative 
of  the  two  extremes  of  probable  flame  speeds  for  typical  bulk  cargo  fuels'  • 
determine  which  igniter  location  (upstream  or  downstream)  produced  the  most  revere 
test  conditions.  The  severity  being  identified  as  the  highest  flame  speed  pr  p- 
agating  upstream  towards  the  test  flame  arrester.  Both  the  single  30-mesh  screen 
arrester  and  the  dual  20-mesh  screen  arrester  were  evaluated  for  flame  quenching 
capability  on  these  tests.  The  resulting  flame  speeds  ranged  from  2.9?  t>  b.ou  :r.  r 
(9. 3l  to  21.65  ft/s)  with  the  upstream  igniter  location  producing  the  higher  flame 
speed  for  both  fuel/air  mixtures.  A  tabular  summary  of  average  values  of  flame 
speeds  and  peak  pressure  rises  for  all  fuels  tested  is  given  in  Table  1-1.  The 
single  30-mesh  screen  arrester  quenched  all  flashback  flames  for  both  fuel /air 
mixtures.  The  dual  20-mesh  screen  arrester  quenched  all  propane/air  mixture 
flames  and  the  ethylene/air  mixture  flames  initiated  by  the  downstream  igniter 
location.  The  ethylene/air  mixture  flames  initiated  by  the  upstream  igniter  Loca¬ 
tion  penetrated  the  dual  20-mesh  screen  arrester  in  three  successive  tost  firings . 

A  tabular  summary  of  the  flashback  flame  quenching  test  results  for  all  fuel /air 
mixtures  and  test  arrester  assemblies  is  given  in  Table  1-2. 

The  upstream  igniter  location  was  used  on  all  the  subsequent  flashback  flame 
quenching  tests.  The  single  30-mesh  screen  arrester  and  the  dual  20-mesh  screen 
arrester  were  tested  with  the  six  remaining  fuel/air  mixtures.  Both  arresters 
were  successful  in  quenching  the  flames  on  all  test  firings  as  shown  in  Table  1-2. 
The  resulting  flame  speeds,  or  test  condition  severities,  for  the  six  additional 
fuel/air  mixtures  were  less  than  those  measured  for  the  ethylene-fuel/air  mixture, 
as  shown  in  Table  1-1. 

The  original  test  configuration  for  the  packed  bed  of  aluminum  Ballast  rings 
arrester  was  unsuccessful  in  quenching  the  flashback  flames  from  gasoline/air 
mixtures  in  three  successive  test  firings.  A  single  30-mesh  screen  was  added  on 
the  downstream  end  of  the  arrester,  between  the  retainer  grid  and  the  bed  of 
rings.  This  modified  configuration  was  successful  in  quenching  flashback  flames 
from  the  propane/air  mixture,  gasoline/air  mixture,  and  three  out  of  four  test 
firings  with  ethylene/air  mixture.  The  spiral-wound,  crimped  stainless-steel 
ribbon  arrester  was  successful  in  quenching  all  flashback  flames  from  propane, 
ethylene,  and  gasoline-fuel/air  mixture  test  firings.  The  test  results  are 
summarized  in  Table  1-2. 

The  sustained  burning  tests  were  conducted  outside  of  the  flame  test  chamber 
by  rearranging  the  facility  piping.  Using  a  combination  of  pipe  elbows-,  the  last 
section  of  inlet  pipe  was  redirected  90  deg  to  one  side  and  the  flame  arrester 
test  assemblies  were  mounted  on  the  end  of  the  pipe  in  the  vertically  up  position. 
Two  different  sizes  of  flame  screen  arrester  assemblies  were  tested,  (l)  the 
original  1 5 • 2- cm-  (6-in.-)  diameter  adapter  housing  and  (2)  a  new  25. Ucm- 
[ 10-in.-)  diameter  adapter  housing.  This  change  in  arrester  flow  area  was  made 
to  evaluate  the  effects  of  the  approach  velocity  and  flow-tnrough  velocity  of  the 
fuel /air  mixture  on  the  thermal  environment  at  the  screens.  The  single  30-mesh 
screen  arrester  and  the  due1  20-mesh  screen  arrester  in  both  pipe  sizes,  the 
packed  bed  of  Ballast  rings  art  ester,  and  the  spiral-wound,  crimped  ribbon  arrester 
were  all  successful  in  maintaining  sustained  burning  with  the  propane/air  mixture 
for  the  full  30  minutes  (1.800  seconds)  of  test  duration. 
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Table  1-2.  Tabular  Summary  of  Flashback  Flame  Quenching  Test  Results 


Spiral-wound, 
crimped  ribbon 


Sustained  burning  tests  were  also  made  with  the  ethylene/air  mixture,  but 
because  of  the  anticipated  severity  of  test  conditions,  only  the  packe  1  bed  of 
Ballast  rings  arrester  and  the  spiral-wound,  crimped  ribbon  arrester  were  tested. 
The  spiral-wound,  crimped  ribbon  arrester  failed  in  two  tests  of  h23  seconds  an:: 
383  seconds  duration.  The  packed  bed  arrester  failed  on  the  first  tests  after 
only  1(3  seconds  duration,  and  resulted  in  a  deflagration-to-detonatior  transition 
in  the  arrester  bed.  On  the  second  test,  the  packed  bed  arrester  failed  immediate 
after  ignition  due  to  a  damaged  screen.  The  results  of  the  sustained  burning 
tests  are  summarized  in  Table  1-3. 


Table  1-3.  Tabular  Summary  of  Sustained  Burning  Test  Results 


Flame  Arrester 

Type  of 

Time  Duration 

Type  and  Size 

Fuel 

of  Burning,  s 

Flamethrough 

15.2-cm-  (6-in.-)  diam.  single 
30-mesh  stainless-steel  screen 

Propane 

1800 

No 

15.2-cm-  (6-in.-)  diam.  dual 
20-mesh  stainless-steel  screen 

Propane 

1800 

No 

25.1i-cm-  (10-in.-)  diam.  single 
30-mesh  stainless-steel  screen 

Propane 

1800 

No 

2.5^-cm-  (10-in.-)  diam.  single 
20-mesh  stainless-steel  screen 

Propane 

1800 

No 

30.5-cm-  ( 12-in. -)  diam.  by 

Propane 

1800 

No 

20. 3-cm-  (8-in.-)  long  spiral- 
wound,  crimped  stainless-steel 

Ethylene 

U23 

Yes 

ribbon 

Ethylene 

383 

Yes 

25.^-cm-  (10-in.-)  diam.  by 

Propane 

1800 

No 

45.7-cm-  (l8-in.-)  long  packed 
bed  of  2.5^-cm-  (l.0-in.-) 

Ethylene 

U3 

Yes 

size  aluminum  ballast  ring 
plus  a  single  30-mesh 

Ethylene 

0 

Yes 

stainless-steel  screen 


SECTION  II 


INTRODUCTION 


The  U.  S.  Coast  Guard,  under  the  Ports  and  Waterways  Safety  Act  PL  92-  - •  * 0  J  , 
is  responsible  for  the  safety  of  vessels  and  U.  S.  ports  from  the  inherent  Lunar i 
f  handline;  petroleum  products.  The  Coast  Guard  must  insure  that  care.'  tank: 
aboard  vessels  are  adequately  protected  from  ignition  sources  that  may  be  present 
on  deck.  Ships  and  barges  that  carry  grades  D  and  E  flammable  cargo  are  required 
under  Subcharter  D  of  Title  1*6  to  have  flame  screens  on  the  vent  outlets  f  oar- 
tanks,  eof ferdams  and  void  spaces,  and  on  all  open  ullage  holes,  hatches,  r 
Putterw  rth  plates.  The  screens  prevent  accidental  flame  passage  fro;:  the  per* 
leek  int  the  cargo  tank.  A  single  30-mesh  screen  or  dual  20-mesh  screens  orate  i 
more  than  one-half  inch  apart  and  not  more  than  one  and  one-half  inch  apart  are 
approved  by  the  U.  e.  Coast  Guard. 

The  adequacy  of  the  flame  screen  as  a  flame  arrester  has  been  quest i one  : 
(Reference  2-1).  Wilson  and  Crowley  (References  2-2  and  2-3)  carried  Alt  tests 
for  the  U.  ?.  Coast  Guard  with  screen  arresters,  where  the  screens  were  mounted 
some  1.83  m  (6.0  ft)  inboard  from  the  open  end  of  the  pipe,  rather  than  at  the 
end  as  in  the  standard  vent-stack  installations.  These  nonstandard  installations 
were  used  for  tests  of  screen  arresters  at  high  turbulent  flame  speeds,  ranging 
from  2  to  30  m/s  (6.6  to  98.2  ft/'-).  These  tests  of  screen  arresters  were  mere 
severe  than  those  where  the  screens  were  m  iunted  in  the  standard  insta . 1 ati on . 

Under  certain  conditions,  screen  arresters  failed  to  quench  the  flame  in  some  of 
these  tests.  It  seems,  however,  that  the  higher  flame  speeds  were  accompanied  by 
gross  gas  motions  that  caused  apparent  discrepant  flame  quenching  results. 

Because  the  Wilson  and  Crowl.ey  test  conditions  were  not  representative  of 
flashback-flame  propagation  to  a  standard  vent-stack  installation  in  an  open 
environment,  more  tests  that  simulated  the  actual  conditions  existing  aboard  fuel 
cargo  transport  vessels  were  needed.  One  of  the  major  points  of  interest  is 
whether  or  not  a  flame  will  accelerate  in  an  open  deck  environment  and  what  effect 
this  accelerated  flame  speed  has  on  the  quenching  capability  of  the  screen  arrester. 

Screen  flame  arresters  mounted  at  the  end  of  a  vent  stack  are  designed  to 
prevent  flames  ignited  outside  the  tank  from  propagating  into  the  tank.  It  is 
assumed  that  the  flammable  gases  in  the  vent  stack  are  either  quiescent  or  mow¬ 
ing  out.  On  the  other  hand,  most  of  the  reported  tests  on  screen  flame  arresters 
confine  the  flame  in  an  enclosure  whose  only  or  major  outlet  was  through  the  flame 
arrester  (Reference  2-U ) .  Combustion  within  an  enclosure  is  invariably  accompanied 
by  considerable  gas  flow  through  the  screen  in  the  direction  of  flame  propagation. 
The  hypothesis  to  be  tested  was  whether  an  unconfined  turbulent  flame  flashback 
can  be  stopped  from  propagating  into  a  vent  stack  whose  end  is  covered  with  a 
screen  flame  arrester.  In  these  tests,  it  was  supposed  that  there  is  no  gross 
gas  flow  through  the  screen  associated  with  the  ignition  and  propagation  of  the 
flame. 

Screen  flame  arresters  are  designed  to  completely  enclose  the  outlet  openings 
with  a  fine  wire  mesh.  The  wire  mesh  is  sufficiently  open  so  that  it  offers  neg¬ 
ligible  obstruction  to  the  passage  of  gases  and  vapors,  but  the  mesh  openings  are 
too  small  to  allow  the  passage  of  flames.  There  should  be  no  opening  in  the 
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screen  -line  arrester  with  an  equivalent  hydraulic  diameter  iaiyer  lean  the 
critical  diameter  of  flame  quenching  in  a  tube.  The  critical  diameters  for  f_ar.e- 
quenching  in  a  tube  foi  a  large  variety  of  different  flammable  gas  mixtures  have 
been  established  in  extensive  laboratory  tests,  as  discussed  in  Wils  and 
Attaiah’s  review  of  flame  arresters  for  cargo  venting  systems  (Referet.ee  l'-5). 
it  has  been  shown  for  laminar  flames  propagating  in  flammable  gases  that  the 
correlation  for  the  critical  Peclet  number  (Pe)  (Reference  2-1*)  is: 

log  Pe  =  1.8  ±  0.3 

Pe  is  defined  as  Dgp  x  Su/a,  where  Dgp  is  the  critical  diameter  for  flame  quench¬ 
ing  in  a  tube,  Su  is  the  laminar  flame  velocity  in  the  unburned  mixture,  and  a  is 
the  thermal  diffusivity  in  the  unburned  mixture.  The  uncertainty  in  the  value  of 
logqo  Pe  allows  for  differences  in  the  behavior  of  widely  different  fuels  and 
oxidizers,  but  it  is  sufficiently  restrictive  to  yield  useful  design  values  ibr 
the  maximum  allowable  opening  sizes  in  flame  arresters. 

The  concept  of  quenching  a  laminar  flame  in  a  narrow  tube  through  heat  less 
to  the  walls  of  the  tube  is  well  established  (Reference  2-5).  For  effective 
flame  quenching,  the  surface  must  be  noncatalytic  (this  requirement  is  satisfied 
by  all  commercial  materials  of  construction)  and  heat  dissipative  (stainless 
steels  have  adequate  conductivity).  Screen  flame  arresters  differ  from  isolated 
orifices  of  the  flame  quench  theory  in  that  there  are  arrays  of  orifices.  Each 
orifice  in  the  array  acts  identically  to  an  isolated  orifice  as  far  as  flame 
quenching  is  concerned.  Gas  flows  and  heat  transfer  associated  with  flame  propa¬ 
gation  and  gas  volume  expansion  seem  to  be  the  main  causes  of  screen  failure. 

The  flame  heats  and  weakens  the  wires  of  the  screen  so  that  fluid  friction  and 
pressure  tear  openings  into  the  wire  mesh  (References  2-6,  2-7,  and  2-8).  It  is 
evident  that  prolonged  exposure  to  sustained  burning  will  decrease  the  quenching 
capability  of  the  screen  arrester,  a  phenomena  that  requires  further  investigatio 

Flames  propagating  in  open  environment  are  almost  invariably  turbulent,  as 
opposed  to  the  laminar  flames  considered  in  the  quenching  theory  (Reference  2-9). 
For  most  practical  considerations,  open  turbulent  flames  can  be  considered  highly 
wrinkled  laminar  flames  whose  characteristic  wrinkle  dimension  is  in  the  order 
of  the  critical  diameter  for  flame  quenching.  The  heat  release  rate  is  propor¬ 
tional  to  the  total  area  of  the  propagating  wrinkled  flame  front,  which  can  be 
many  times  larger  than  the  superficial  projected  flow  area.  The  criterion  for 
the  critical  diameter  for  flame  quenching  by  the  flame  arrester  is  the  same  f  r 
turbulent  and  laminar  flames  according  to  Reference  2-4,  but  the  heating  effects 
of  the  turbulent  flame  are  very  much  greater.  In  addition,  the  nonuniform  and 
fluctuating  turbulent  flame  front  can  cause,  in  pockets  of  the  flame,  the  release 
if  transient  high  pressure  and  high  heat  that  far  exceed  in  value  the  pressure 
and  heat  of  a  laminar  flame  (Reference  2-11 ).  If  a  transient  high  reactivity 
pocket  ■  f  gas  coincides  with  the  intersection  of  the  flame  front  and  the  screen 
flame  arrester,  there  is  a  probability  that  the  flame  will  penetrate  the  screen 
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It  is  imp  riant  t  make  a  distinction  between  "burning  velocity"  and  "  f.l  rmc 
sreea"  1  Reference  1-9  ^  Burning  velocity  is  defined  as  the  speed  .-.f  *  he  pr  pvr 
tir.n  f  a  flame  front  relative  to  the  speed  of  the  unburned  gas.  It  is  a  pr  perry 
•f  the  gas  composition  and  of  the  physical  state  of  the  unburned  gas  mixture. 

FI  tune  speed  in  ie  fined  as  burning  velocity  plus  any  gross  motion  in  the  unburne.: 
••-as  relative  t  a  fixed  frame  of  reference.  It  is  influenced  by  gross  gas  mot!  n 
and  by  the  geometry  of  any  enclosing  structure. 

The  propagation  of  a  flame  in  a  duct  can  create  gross  gas  motion.  This  is 
clearly  illustrated  if  we  consider  a  duct,  closed  at  one  end  and  open  to  the 
atmosphere  at  the  other,  filled,  with  a  flammable  gas.  When  the  gas  is  ignited  at 
the  closed  end  of  the  duct,  the  flame  speed  is  greater  than  it  would  le  if  i,he 
flame  were  started  at  the  open  end  and  allowed  to  travel  toward  the  el'sed  end. 

In  the  case  'if  closed  end  ignition,  the  burned  gas  is  expanding  ana  pushing  the 
unburned  gas  out  the  open  end  of  the  duct,  so  that  the  "flame  speed"  is  the  sum 
of  the  "burning  velocity"  and  the  gross  motion,  which  is  caused  by  the  expansion 
of  the  trapped  hot  combustion  products.  In  the  second  case,  the  ignition  at  the 
open  end  causes  the  unburned  gas  to  remain  stationary,  hence  the  observed  "flame 
speed"  is  nearly  the  "burning  velocity"  with  differences  due  mainly  to  flame  fr~nt 
interaction  with  the  duct  wall. 

While  gross  gas  motion  does  not  change  burning  velocity  by  itself,  there  are 
additional  factors  that  cause  enclosed  turbulent  flames  to  accelerate  in  burning 
velocity.  Acceleration  of  turbulent  flames  in  ducts  has  been  discussei  in  a  pre¬ 
vious  JPL  report  (Reference  2-10)  in  connection  with  transition  from  deflagration 
to  detonation.  Little  understood  interactions  between  turbulent  flame  propagation 
and  the  turbulent  boundary  layer  on  a  duct  wall  can  lead  to  appreciable  accelera¬ 
tion  of  the  burning  velocity.  The  flame  can  be  accelerated  to  such  a  high  speed 
that  shock  waves  become  associated  with  the  highly  turbulent  flame  front,  where¬ 
upon  compressive  heating  causes  still  greater  acceleration  until  detonation  is 
obtained.  In  a  confined  duct,  particularly  in  those  with  rough  walls,  turbulent 
flames  can  readiLy  accelerate  to  the  point  where  self-compressive  ignition  occurs. 
The  transition  from  deflagration  to  detonation  in  hydrocarbon-fuel/air  mixtures  is 
an  extremely  improbable  event  in  an  open  environment,  but  detonations  can  be  ini¬ 
tiated  by  a  shock  wave  from  an  external  source,  such  as  a  bomb  (Reference  2-11 ). 

Pipes  carrying  vapors  out  of  cargo  tanks  that  contain  volatile  fJgunmable 
liquids  may  contain  a  fuel /'air  mixture  within  the  flammable  range,  as  illustrated 
in  Figure  2-L.  A  source  of  flame  ignition  outside  the  vent  stack,  as  illustrated 
in  Figure  2-.’,  may  cause  a  flame  to  propagate  into  the  vent  stack.  Flame  propa¬ 
gation  within  a  narrow  pipe  is  particularly  dangerous,  because  both  confinement 
of  the  expanding  hot  combustion  products  and  flame  front  acceleration  iue  to 
interaction  with  the  wail  boundary'  layer  can  occur.  In  severe  cases,  t  he  flame 
pr.pagat.i  ,n  can  become  a  destructive  detonation  wave.  The  illustration  in  Fig¬ 
ure  2-9  shows  a  flame  front  accelerating  inside  a  pipe  in  contrast  t  >  ‘he  unif  -rm 
rate  f  pr  parati  -n  in  the  open  air. 
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Table  2-1.  Properties  of  Selected  Fuels 


Common  Name 

Chemical  Name 

Formula 

Molecular  Weirh’ 

Acetaldehyde 

Ethan al 

ch3cho 

UI4 . 05  5 

But  ane 

n- But ane 

CUH10 

58.1. '3 

Diethyl  ether 

Ethoxy  ethane 

(°2h5)20 

71. 122 

Ethylene 

Ethene 

C2HU 

28.054 

Gasoline 

- 

C8H15 - UU 

111.11 

Methyl  alcohol 

Methanol 

CH  OH 

32.  O'.  2 

Propane 

Propane 

C3H8 

UU . 096 

Toluene 

Methyl  benzene 

C6H5CH3 

92.110 
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SECTION  III 

TEST  FACILITY  DESCRIPTION 


A.  GENERAL 

All  testing  for  this  program  was  performed  at  the  B-Stand  facility  of  '  he 
Jet  Pr  pulsion  Laboratory's  Edwards  Test  Station.  The  B-Stand  test  area  contains 
an  air  compressor  system,  fuel  system,  fuel  vaporizer  and  condenser  L:  p,  fue. 
and  air  induction  system,  facility  piping,  test  flame  chamber,  and  an  exhaust  - 
burn  stack.  The  test  facility  flow  system  schematic  diagrams  are  shown  in  Fig¬ 
ures  3-1  and  3-2.  Table  3-1  gives  o  description  of  the  symbols  used  in  the 
schematic  diagrams.  A  detailed  description  of  the  major  portion  of  this  test 
facility  is  given  in  Reference  2-10.  Some  modifications  and  additions  were  rr.a  :e 
t  -  incorporate  gaseous-type  fuels,  flashback  flame  testing,  and  sustained  burning 
testing  for  this  program. 

The  following  is  a  brief  description  of  the  various  facility  systems  i:.c.  ;  i- 
ing  the  modifications  and  new  additions. 


B.  AIR  COMPRESSOR  SYSTEM 

A  new  multistage  centrifugal  turbine  air  compressor  was  installed,  which  is 
rated  for  11.3  m^/min  (*+00  indicated  cfm)  at  Ul . U  kN/m^  (6.0  psid).  h  is  driven 
by  a  ll.9-kW  (20-hp)  electrical  motor.  Air  flow  in  the  10.2-em-  (‘.-in.-)  diameter 
pipe  system  is  controlled  by  a  remotely  operated  metering  valve  and  a  remotely  oper 
ated  bypass  valve.  Flow  rate  is  measured  using  a  Meriam  Laminar  Flew  Element  (IFF) 


C.  FUEL  SYSTEM 

Two  parallel  systems  provide  a  variety  of  either  liquid  or  gaseous  fuels. 
Liquid  fuel  was  supplied  by  a  nitrogen  gas  pressurized  tank  with  a  capacity  of 
0.0U9  m3  (13  gal)  and  a  working  pressure  of  6895  kN/m2  (1000  psia).  F  iel  f]  w 
was  controlled  by  a  remotely  operated  metering  valve  and  measured  with  a  turbine- 
type  flowmeter.  Gaseous  fuel  was  supplied  from  a  manifold  containing  two  type-lA 
shipping  cylinders  having  the  combined  volume  of  0.0876  m3  (3.08  fl-3).  The  normal 
delivery  pressure  was  827*+  kN/m^  (1200  psia).  Gas  flow  was  controlled  by  a 
remotely  operated  pressure  regulator  and  measured  with  a  precision-bored  sonic 
orifice.  The  fuel  gas  temperature  was  stabilized  for  flow  measurement  using  a 
water  bath  preheater. 


D.  FUEL  VAPORIZER  AND  CONDENSER  LOOP 

All  fuels  were  either  vaporized  or  preheated  with  a  remotely  regulated  elec¬ 
trical  heat  exchanger  before  injection  into  the  flowing  air  stream.  A  pneumaticaj  i 
operated  three-way  valve  energized  to  the  RUN  position  directed  the  heated  fuel 
into  the  fuel  injection  manifold.  With  the  valve  in  the  CONDENSER  position,  the 
heated  fuel  was  directed  into  a  water  bath  heat  exchanger  where  most  of  the 
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Figure  i-1.  Test  Facility  Fuel  and  Air  Systems  .'Vhemat.ic 
Instrumentation  locations  for  Fiame  Arrester 


Manual  g  Lube  valve 


Electric  solenoid  -perated  vac ve 

Electric  motor  operated  valve 

Electric  motor  operated  ball  vaive 

Air  piston  operated  ball  valve 

One-way  flow  check  valve 

Pressure  relief  safety  valve 

Dome  pressure  regulator  valve 

Manual  set  pressure  regulator  valve 

Electric  motor  operated  pressure 
regulator  valve  (dome  loader) 

Pressure  rupture  disc  assembly 

Pressure  gage 

Voltmeter  transducer 

Ammeter  transducer 
Temperature  transducer 
Pressure  transducer 

Flame  sensor  transducer 

Flowmeter  transducer 


m 


it.  i  x  faro  ir:  the  hr.",  chamber 
Thirf  -i, -'niter  resend  .3 e:l  a  s:r 


n  :uv  .-par/.  igniter.  .nia  igniter  reren.i.Je.1  a  sma  .  .  r  -riot,  •  . 

•■.  or*  in.;  hy  :r  -gen  gas  and  air  were  ignite  i  t  y  a  .-.ra.-v: 

*  ho  •  mlasti  :-n  chamber.  The  result  ir..-  t'  arne  war  ij  rec*  e  i 
r  .rh  a  r-h  n’t  n  ::zle  f  r  a  n  uriinal  duration  of  I  ;  Th--  :  - 

were  Lui.lt  int-  the  end  if  a  i.l-m-  (3-5-ft.-)  .  nr  sect!  n 

.unmet  or  pipe  mounted  int--  fittings  on  the  bottom  of  the  tert 
1  rati.  r.  of  the  ignition  flame  was  just  below  the  axial  eente 
or.  1  here  were  three  possible  locations  for  the  irniters :  I 

*r-rt  arrester,  (.?)  midchamber,  and  (  *, )  downstream  at  the  char.: 
upr. treat;,  and  downstream  igniter  position  were  used  during  the 
en  the  .t rwnstream  igniter  position  was  used,  the  frangible  Sin 
•er  exit  was  shielded  from  the  flame  by  a  sheet  of  aluminum  o  v 
tely  ‘-Of*  of  the  total  exit  area.  The  aluminum  shield  delayea 
iaphragm  until  the  flame  had  traversed  the  length  of  the  chart:- 
test  arrester  on  the  inlet  end.  This  delay  made  it  possible 
;  ty  mot  ion  pictures  of  the  flame  impinging  on  the  arrester  be:' 
as  exp  sed  to  ambient  light  through  the  ruptured  diaphragms, 
toe  -1  jwnstrean.  igniter  and  flame  shield  are  shown  in  Figure  -1- 
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t-bnrn  stack  was  required  for  this  test  facility  in  compliance 
regul at ions  covering  the  controlled  release  of  hydrocarbon  var 
rllshed  by  instal ling  a  1.22-m  (9-ft.)  length  of  30.5-cm  i 12-in 
g  •  n  a  vertically  directed  pipe  elbow  at  the  exit  end  of  the  f 1 
pipe  contained  a  ducted  fan  and  damper  valve  to  control  the  exi. 
r:  turn,  maintained  atmospheric  pressure  in  the  test  chamber  pri 
.T-iral-wound,  crimped  metal  ribb  -n  arresters  were  attached  to  t 
haunt  stack  assembly  to  prevent  the  propagation  of  flame-  int  v 
sample  rake  was  installed  just,  downstream  of  the  inlet  flame 
fuel /air  mixture  sample  taken  at  this  location  was  fed  int.-  •>:. 
hy  ir.carb  -n  analyser.  The  sample  line  was  closed  by  a  s  1 en  1  s 
just  prior  t-'  ignition  to  protect  the  analyser.  At  the  tor  f 
r.'vk,  a  shielded  natural  gas  fired  burner  disposed  of  all  com:  u 
r  iucts.  A  ph't-ograph  of  the  exhaust-burn  stack  assembly  and  4 
hragm  at  the  exit  >f  the  flame  chamber  is  shown  in  Figure  1 '. 


;  ui-u  fng  tkft  facility 


t.c i  I  it; ;  piping  was  modified  after  completion  of  the  flame  chamber  to 
cate  the  flame  arrester  test  assembly  out  to  an  open  area  fir  the  r 
- :  ng  tents.  Two  pipe  elb  >ws  were  inserted  just  upstream  of  -lie  wits 
I  we"  and  turn  the  piping  90  deg  away  from  the  supporting  struct 
<•  e.b  w  was  inserted  between  the  downstream  end  of  the  witness  s'-ot 
•osf'-r  test,  assembly;  this  elbow  li  rested  the  exhaust  fl-w  vortical' 

,  in  F:  --ure  3-8.  The  gas  sample  rake  t'.  r  t.he  hydroearb-  n  met  lys-cr  w 
■‘ween  the  flanges  upstream  if  the  test  sect!  n.  Ignition  war 


section  :;v 


INSTRUMENTATION  AND  CONTROLS 


A.  GENERAL  DESCRIPTION 

Ail  instrumentation  and  controls  at  B-Stand  facility  were  re::,  to  y  j 
and  r:i  iiitsred.  Test  system  parameters  were  measured  at  the  test  si  it  ..  its 
trieai  transducers  with  their  signals  conducted  to  the  blockhouse  r  • .  n:i 
recording,  and  display.  Location  and  identification  of  ail  fir.-ira.  ir.str 
tat ion  parameters  and  controls  are  shown  In  Figures  3-1  and  -;-2.  ’1  at  .  —I 

listing  of  the  nomenclature  for  all  instrumentation  and  calculated  pavci.etc 

Test  system  parameters  were  divided  into  two  groups:  .1  steady-state 
speed),  and  (2)  transient-state  (.high-speed)  data.  Steady-state  c.coa  in:.., 
all  the  measured  and  calculated  parameters  for  the  air  system,  fuel  sv.ve::., 
vaporizer  and  condenser  loop,  fuel/air  induction  system,  hydr  car:  •  ■o.aiy." 
and  the  pre-  and  posttest  press  ire  loss  measured  across  the  test  arre. 
Transient-state  data  includes  the  measured  and  calculated  flame  si  ce  is  and 
pressures  developed  in  the  test  flame  chamber  and  facility  pit  in-,  an:  the 
cess  or  failure  of  the  experimental  flame  arrester. 

Steady-state  data  was  recorded  and  calculate!  on  the  .’FL-devei.  t  e  .  lilt 
Digital  Acquisition  and  Controls  System  (IDAC)  with  back-up  by  the  new  i.-iwa 
Digital  Acquisition  and  Control  System  (EDAC).  Transient-state  data  vis  re 
on  two  high-frequency  FM  tape  recorders  and  played  back  on  an  oscill  .graph 
expanded  time  scale.  Flame  speeds  and  peak  pressures  were  manually  scale: 
calculated  from  the  oscillograph  traces.  Flame  speeds  in  the  test  chamber 
also  estimated  from  the  high-speed  motion  picture  films. 

All  critical  control  functions  were  either  manually  positioned  o:  the 
trois  console  or  automatically  operated  by  tne  preset  sequence  timer,  "'her 
operations  were  selectively  recorded  using  electrical  contact  closure.-  n  7 
EDAC,  FM  tape,  or  a  second  high-speed  oscillograph.  Two  strategical  ly  p’.ac 
television  (TV)  cameras,  with  video  displays  in  the  blockhouse,  munit  reu  t 
fuels  system  area  and  the  test  flame  chamber.  Two  high-speed  motion  r :c?ur 
cameras  also  recorded  events  both  inside  and  outside  the  test  flame  chamber 
the  actual  test  firings.  Visual  coverage  and  controlled  access  to  the  test 
were  maintained  by  a  safety  monitor  in  an  observation  tower  located  ever  ti, 
blockhouse. 

A  detailed  description  of  the  instrumentation  and  controls  system  is  g 
in  Reference  2-10.  Modifications  and  new  additions  that  were  mace  to  the  sy 
for  this  test  program  are  described  in  the  following  paragraphs. 

B.  STEADY-STATE  DATA 

The  EDAC  system  is  a  new  digital  instrument  recently  installed  at  FT. 
was  still  in  the  process  of  functional  checkout  at  the  time  of  this  pr  -gram 
it  was  used  as  a  backup  steady-state  data  computing  and  recording  oyri  f 
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.-i.:*  i'i  wmeter  temperature 
Fuel  ank  pressure 

.  tank  temperature 

tank  dome  loader  pressure 

.  line  pt-'-s.-uro 
J  ::.i  t  emperat  tre 
Fu-  • .  flowmeter  frequency 
us  fuel  pressure 

lasevus  fuel  differential  pressure 
laseous  fuel  temperature 
Fuel  vaporiser  outlet  pressure 
Fuel  vaporizer  outlet  temperature 
Fuel  vaporizer  core  temperature 
fuel  injector  inlet  temperature 
Fuel/air  mixer  outlet  pressure 
Fuel, air  mixer  outlet  temperature 
Fuel  condenser  inlet  tempera  ure 
Fuel  condenser  outlet  temperature 
Coe.  1  ant  water  inlet  temperature 
Coolant  water  outlet  temperature 
Inlet  tee  pressure 
Inlet  tee  temperature 
Inlet  section  pressure 
Stabilizer  section  pressure 
Witness  section  inlet  pressure 
Witness  section  center  pressure 
Witness  section  exit  pressure 
Inlet  section  flame  sensor 
Stabilizer  section  flame  sensor 
Witness  section  inlet  flame  sensor 
Witness  section  center  flame  sensor 
Witness  section  exit,  flame  sensor 
Flame  chamber  differential  pressure 
Flame  chamber  differential  pressure 
Flame  chamber  differential  pressure 
Flame  chamber  differential  pressure 
Flame  chamber  flame  sensor,  Sta.  1 
FL.'ime  chamber  flame  sensor,  Sta.  2 
Flame  chamber  flame  sensor,  Sta.  3 
Flame  chamber  flame  sensor,  Sta.  U 
Flame  chamber  flame  s°nsor,  Sta.  5 
Flame  chamber  flame  sensor,  Sta.  6 
Flame  chamber  flame  sensor,  Sta.  7 


Table  U-l. 


Instrumentation  and  Calculated  Test  Parameter  Momenci ;  ture 
( Cont inuation  l) 


Steady-: 'tate 
Parameters 

Units , 

S.I.  (Engr.) 

Description 

'i’T1* 

°C  (°F) 

Witness  section  exit  temperature 

T8.1 

O 

o 

o 

*T3 

Test  arrester  inlet  temperature 

TUI 

°C  (°F) 

Upstream  igniter  flame  temperature 

TID 

°C  ( °F ) 

Downstream  igniter  flame  temperature 

TCK 

°C  ( °F ) 

Flame  chamber  roof  temperature 

TCI, 

°C  (°F) 

Flame  chamber  lower  temperature 

TCK 

°C  ( °F ) 

Flame  chamber  metal  temperature 

T91 

°C  ( °F ) 

Exhaust  stack  inlet  temperature 

T9  2 

°C  (°F) 

Exhaust  stack  exit  temperature 

HCA 

1  2 

Exhaust  stack  total  hydrocarbon  analysis 

PA1 

kN/m0  (psig) 

Test  arrester  inlet  pressure 

DPA1 

kN/rtC  (psid) 

Test  arrester  differential  pressure-pretest 

DPA2 

kN/m^  (psid) 

Test  arrester  differential  pressure-t osttest 

PAMB 

kN/m  (psia) 

Test  area  ambient  pressure 

Calcul ated 

Units, 

Parameters 

S.I.  (Engr.) 

Description 

MA 

kg/h  (lb/h) 

Air  mass  flow 

MF 

kg/h  (lb/h) 

Liquid  fuel  mass  flow 

A  /F 

ratio 

Air  mass  flow  to  liquid  fuel  mass  flow  ratio 

MFG 

kg/h  (lb/h) 

Gaseous  fuel  mass  flow 

A/FC 

rat  io 

Air  mass  flow  to  gaseous  fuel  mass  flow  ratio 

4> 

ratio 

Equivalence  ratio 

VA 

m/s  (ft/sec) 

Air  flow  velocity  through  15.2-cm  (6.0-in.-'1 
diameter  pipe 

FXX-FYY 

m/s  (ft/sec) 

Average  flame  speed  between  two  adjacent  flame 
sensors 

SX-SY 

m/s  (ft/sec) 

Average  flame  speed  between  two  adjacent  light 
ports  or  a  light  port  and  the  test  arrester 
obtained  from  the  motion  pictures 

,  '■■■' ■'  '.vent  .  .y  ;■■■:  .  .  m-  neart  f 

■  os  1  •.  bar  a  :■  a x  1 u.m  ■•■■■  r  rate  lit- 

y  TC  o  arc-  ass igued  4 

:  ‘o,  ■  o  i.'  tne  ■  a.  to  each  -’a  .  :  (-rat  i 

:  or.:  r.h*  n  uses  thse  -  .• ,  ai  ng  with  !  is- 

••  ;  ■  t.  -:al  ou  .  Hie  the  engineering  -nits  .r  ea-ha 

:•.!  a..-  perf  .,rms  cal  cud  at i  r.s  such  as  at  eras : nr ,  p  .  y- 

•'  <•  ju.ai  i  ns  i  nv-  Ivin,-  tv  :•  m  r<  input  chante  i  r . 

Ities  totalizers,  peri  d  c  .  inters,  para! ie-  sat  a,  a:. 

i::.e  targe  ;  t.  the  nearest  mill  i.-eo  -r.i. 

iutu  :i  magnetic  tape,  .  ine  printers  ,  and  v i  ie  •:.!  t  rs . 
e  .sen  f  r  record  rt.,rare,  from  which  p  sttest  playbacks 
.  »•.; :  ati  ns  are  mu  ie  t.  the  line  printer.  The  1  ine  printer 
‘  ers  wi t'n  -hanne L  i  ientification,  engineering  units,  an i  tin 
r  -gramrr.ab  ,e  t‘  -r  maximum  output  at  p  ants  of  interest .  Tue  •. 
••n-s.ine  real-tine  displays  of  up  t-  10  parameters  with  chan:, 
nrineer in.-:  units,  and  contact  closure  status.  These  display 
r  6  prepr-  rammed  pages .  High  and  low  limits  can  te  assir 
;v .  T  he  iimit  .  output  signal  is  capable  of  operating  contro  l 
ir.g  alarms  wit  hi*:  TO  milliseconds  f  exceeding  a  limit. 

steady-state  auta  from  both  the  IDA?  and  EDAC  systems  were 
u.-*!i  n.t  exact. y  alike.  This  discrepancy  is  reportedly  cause 
e  in  the  time  base  for  c  mputer  calculation  between  the  two 
i,e  res  ,!  ved.  The  EDA?'  system  when  totally  operational  will 
ho  primary  data  system  for  follow-. in  programs. 

Mi':,  i 

ns  rs  that  c  u'.  i  withstand  repeated  exposure  to  ambient  lion 
sensitive  t  the  light-blue  color  of  hydrocarbon  flame  had  t 
the  flur.hb'iok  flame  chamber.  The  Du  Mont  Type  6291  phot  mu? 
as  f.ar.e  rent  >rt;  in  the  facility  piping  were  not  suitable 
•h  rescent  —  at.  i  nr  n  trie  detector  can  be  deteriorates  by  bri 
taic  typo  ietect  rs,  similar  to  those  reported  in  Referen  • 
this  sens  i+  i  vit.y  ,  wore  used  instead.  They  are  the  El  and  I 
i  .  i  -  ti  iii  ’■  v  . !  tai  ■  irt  poors  that  have  a  spectral  range  fr 
.  oft  t  .tr,n  1  with  a  maximum  re.;p  >nse  at  9000  %  *00  dm’ 

' *  0  v  to  watt  .  re  rat  i  rial  amplifiers  were  built  t 

i  : :  r  •  , i  t. ry  ru  -goo-  ••  :  by  IT;  and  0.  The  detector  and  amp?  i  f  i 
o  vnther-ti  *ht  a:umin:im  L»  x  with  a  phototube  view  it.,-  p  rt 
fr  r."  •  1 J  i mating  sh  t  .  The  distance  from  tlie  c  •?  1  imat  in 
‘  ••  ■  u  .  i  l.o  v-ar  i«  -  s  ‘  j  t.  incize  the  viewing  angle  and  detect 

?••  •  r.  ugh  t.ne  rise-time  rer-p  nr.e  c.f  the  photovoltaic  ieteo’ 
hah  the  }•::•  t  t. !  |  1  ior  tube,  .  5  microseconds  c  -rcpa r^d  4 
o  ‘diar  a  :  in*  •'  f  r  ietect ing  t  he  expanding  at::,  ophori  • 

’■  fia.r.o 


•»  —  ■ 


* 


.  t,he  1  time  i  Iluminat  i  intensity  varying  uni re  ;.l  .-t  ni  ly  fr  t 

in  .•hunter.  It  is  : j e  i  i •  ■  / •  -  :  tisi i  s  causon  by  gravi V_g.i  ua_  stra* 

t  :.o  .v .  a!:-  mixture  after  If  '..eavon  the  facility  \  iy  in>*.  The  f  1  one 
a:  view,  1  k  i  :  wn  int  the  propagating  flame  fr  at,  re.tf._tf 
it .  e  flame  speed  measurements . 

F .  an.e  chamber  peak  pressure  rise  was  meas  ired  with  f  •.  ur  Ft at ham  ’.■Tie  I  1M  , 

I  ’  : :  fferer.t  i  -l  pressure-type  transducers  mounted  at  l.hlT-m  (A-ft;  intervals 

.  ns  -ho  h  r’iz.'.ntai  center i  ine  ..  the  chamber.  It  war  inter. ie.i  that  these  pre-s- 
.■  sens  rs  measure  the  j  res  sure  rise  at  the  chamber  wall  iurinr  the  pass  are 
■f.o  flam.'  :’r  nf .  In  actual  practice,  they  simultaneously  sensed  the  rise  in 
pressure  r’r  tire  spherica.Ly  expanding  ball.  ■!'  f.ame  up  to  the  point 
liar:. ran:,  rupture.  The  resulting  resonance  from  this  pressure  spike  in 
■:.e  i  f-r  masked  any  evidence  of  flame  passage  past  the  individual  tress-ire 

Turee  flame  sens  rs  and  three  pressure  sensors  mounted  at  0.31 -m  •, i-f t  i 
1 rvi.1  s  r.  -pp  ;site  sides  of  the  witness  section  piping  were  used  V  record 
•"ns:. rusk  flame  penetration  through  the  test  arresters.  Two  of  these  flame  sen- 
s  -.■.ere  a  ph  ~t -multiplier  tube  typ?  and  one  was  a  photovoltaic  type.  The  pres- 
s  .tv  sensors  were  all  quartz-crystal  piezoelectric-t.ype  transducers  flush-mounted 
*  one  Insi  ie  wal  .i  .  In  addition,  there  was  a  similar  combination  or'  Lame  sens:  r 
an  i  ; res sure  sensor  in  both  the  inlet  igniter  section  and  stabilizer  section  of 
the  foci  lily  piling  to  record  flame  propagation  up  to  these  locations.  An  inlet 
f . a:n  ■  arrester  stopped  any  further  flame  penetration  beyond  this  pc int  into  the 
iu:uc*:  r.  system  piping. 

ine  signals  from  all  flame  sensors  and  pressure  sensors  located  in  the  flame 
-ha:  :  or  an  i  :'a.  •  i  1  i ty  piping  were  recorded  on  two  high-frequency  FM  tape  recorders 
and  ".nf  n-  ino  r.cill  graph.  A  100- Hr.  coded  time  pulse  and  the  spark  igniter 

•urr-T.t  w-v*  a .  rec  rbe  i  and  used  as  reference  points  for  test  initiation  and 

I I  ::.*••  '  rre  -g;  n  between  the  various  recorders .  A  typical  example  of  -.  ransient- 
.'■'gn-  into  f  r  -.he  flame  chamber  sensors  recorded  n  the  FM  tape  and  playback  n 

s  graph  with  an  expanded  time  Imre  is  sh  wn  in  Figure 

The  Fi  A  system  was  used  as  the  prin-ipa,  roc  rder  for  the  thermal  soak-bock 
:a‘a  ensure  :  t>y  thera-.-c  upier.  incta.iei  n  the  flame  arresters  diring  sustained 
:  .mins  tests.  Fee  r  ied  at  xi  1 1  isec  si  s -an  intervals,  the  data  was  time  elite:, 

:  .aye  :  hack,  an  i  printed  at  time  i  nt.erv.a  . ;;  ranging  fr  m  5  t  120  sec -nun,  depeji  }- 

lug  u  the  . en-'t.ii  of  test  and  the  t  ran.-. i erg  -state  of  the  data.  Vide>  li splays  f 
-  f  i  mo  flame  arrester  temperature  i:g  a  were  monitored  during  the  test.  t. 
i  su. tiff  flame  penetrati  >n.  Thi  s  was  later  ■  -.n  firmed  by  data  from  t’ne  flame  ser.- 
s  s.  an  i  pressure  sens,  rs  in  the  w:  i  tsuv  secti  n  piping  that  was  rec  y  ie i  u  FM 
tgire  and  played  back  n  the  s  -  i  .  .  graph. 


D.  GAB-SAMPLE  ANALYSIS  SYSTEM 

The  gas-sample  analysis  system  used  for  this  program  is  describe  :  in  iv'  ••  i  . 
in  Reference  2-10.  Briefly,  it  is  an  on-line  system  that  utilizes  a  ht  •k:..aa  1  :r. 
TOO  Total  Hydrocarbon  Analyser  instrument  combined  with  a  JFL  icsigne  :  and  fa:  ri - 
cated  air  dilution  and  calibratior  system.  The  analyser  automatically  and  :•  •  - 
tinuously  measures  the  concentration  of  hydrocarbon  in  a  flowing  t»as  r-eiple, 
utilizing  the  flame  ionization  method  of  detection.  It  was  calibrate.:  using  rr  - 
pane  (C5H3)  and  air  mixtures.  To  analyse  other  hydrocarbon  fuel,  and  air  mix',  ores , 
the  number  of  carbon  atoms  per  molecule  of  fuel  had  to  be  in  a  ratio  to  that 
propane.  A  flow  system  schematic  drawing  of  the  complete  gas-sample  analysis 
system  is  shown  in  Figure  1-2.  A  listing  of  the  fuels  and  their  properties  that 
are  used  in  this  program  is  given  in  Tables  2-1  and  2-2. 

The  hydrocarbon  gas  analyser  was  located  as  close  to  the  test  flame  chamber 
as  practical  to  minimize  response  time.  It  was  placed  in  a  steel-walled  prate j- 
tive  enclosure  adjacent  to  the  exhaust-burn  stack.  The  gas  sample  rake  was 
installed  in  the  inlet  elbow  of  the  exhaust-burn  stack.  A  three-way  sxl.enoih 
valve  provided  a  gaseous  nitrogen  purge  through  the  sample  rake  when  r.  :t  in  use. 
Analyser  response  time  after  activation  of  the  three-way  sample  valve  was  approx¬ 
imately  30  seconds.  Figure  3-7  is  a  photograph  of  the  protective  enclosure 
housing  the  gas  analyser  located  next  to  the  exhaust-burn  stack. 


E.  PHOTOGRAPHIC  DATA 

Two  motion  picture  cameras  were  used  to  record  every  test  firing.  One 
camera  was  positioned  outside  the  flame  chamber  with  a  view  of  the  entire  test 
section  assembly.  Operating  at  32  frames  per  second,  this  camera  recorded  the 
rupture  of  the  flame  chamber  diaphragms  and  the  extent  of  the  emitted  flame  plume. 
The  other  camera  was  positioned  adjacent  to  the  flame  chamber  observation  window 
with  a  view  of  the  inside  of  the  chamber,  including  the  upstream  igniter  and  the 
downstream  face  of  the  test  arrester.  Figure  1-3  is  a  photograph  of  this  camera 
installation.  Operating  at  100  frames  per  second,  it  was  possible  with  this 
camera  to  record  the  propagating  flame  front  inside  the  chamber.  Four  light 
ports,  equally  spaced  on  the  opposite  wall,  provided  reference  points  for  deter¬ 
mining  distance  traveled.  A  schematic  drawing  of  the  flame-chamber  camera  instal¬ 
lation  is  shown  in  Figure  4-4.  The  distances  traveled  by  an  expanding  spherica] 
flame,  when  viewed  by  the  camera,  are  indicated  between  each  adjacent  ’ ight  port , 
and  from  the  light  port  in  line  with  the  igniter  to  the  face  of  each  of  the  f  ur 
flame  arrester  test  assemblies.  By  counting  the  number  of  motion  picture  frames 
required  for  the  flame  front  to  traverse  these  known  path  lengths,  the  lapse 
time  was  estimated  and  the  average  flame  speed  was  calculated.  The  flame  speeds 
obtained  by  this  method  will  not  necessarily  agree  with  those  calculated  from 
the  flame  sensor  data,  because  of  the  different  sight  locations  and  viewing 
angles,  but  they  are  of  the  same  order  of  magnitude.  Figure  4-5  is  a  .'.elected 
series  of  six  photographs  taken  from  test  motion  picture  film  showing  a  to! not, e 
air  flame  propagation  from  ignition  to  sustention  on  the  downstream  face  of  the 
dual  20-mesh  screens  arrester.  Figure  4-6  is  a  similar  scries  of  phot  'graph:' 
showing  a  toluene/air  flame  propagation  from  ignition  to  penetration  into  the 
open  ended  facility  piping,  causing  an  eruption  of  flame  from  the  pipe. 
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PORTS  t FOUR i 


CHAMBER  WINDOW  - 


’*ry  '■it  ?**'  \ 


I 


(b) 

37. 

8  to 

9  3.  3°C 

(100  to  200°F ) 

(e ) 

93. 

7  to 

U8.  9°c 

(200  to 

300°F) 

(  1) 

H8 

.  9  to 

20l.l° 

C  (300  to 

100°F) 

( e) 

20l 

.  1  to 

276.7° 

C  (100  to 

530°F) 

(f) 

276 

.  7  to 

1260°;' 

(530  to 

2300°F ) 

±  1.15 
±  0.855 
±  0.655 
±  0.1*9% 
±  0.1*3% 


(1)  Uncertainty  for  air-veiocty  or  air-mass-flow  cal  is  ±1  .325 

of  value. 


(  5 )  Uncertainty  for  liquid-fuel-mass-flow  calculation  is  ±1.935  va.-,,e. 

(6)  Uncertainty  for  gaseous- fuel-mass-flow  calculation  is  ±2.831  va,  .0. 


I.'f 


Uncertainty  for  calculated  air-to-liquid-f uel  mixture  ratio  uni 
equivalence  ratio  is  ±2.63%  of  value. 


(8)  Uncertainty 
equivalence 


for  calculated  air-to-gaseous-fuel  mixture  rati 
ratio  is  ±3.^1%. 


and 


Using  the  uncertainties  listed  above,  the  maximum  uncertainty  that  car.  re 
expected  for  the  measured  and  calculated  steady-state  test  parameters  associate J 
with  the  average  value  at  standard  test  conditions  are  listed  in  Table'  b-2. 


The  transient-state  data  were  recorded  on  an  Ampex  Model  FP,  2200  and  an 
Ampex  Model  FR  3020  high-frequency  FM  tape  recorders.  Photovoltaic  detector  flame 
sensors  were  the  primary  instruments  used  to  determine  flame  speeds.  Jtrain- 
gauge-type  differential  pressure  transducers  were  the  primary  instruments  used 
to  measure  peak  pressure  rise  in  the  flame  chamber.  Flame  sensor  and  pressure 
sensor  test  data,  along  with  pre-  and  posttest  calibrations  recorded  < n  the  FM 
tapes,  were  played  back  on  an  oscillograph  at  an  expanded  time  base.  The  follow¬ 
ing  is  an  analysis  of  the  uncertainties  associated  with  transient-state  data 
assured  with  a  93%  (2c)  probability. 

(1)  The  uncertainty  of  flame  chamber  peak-pressure  rise  measurement  is 
±5.855  of  transducer  range. 

(2)  The  uncertainty  of  calculated  flame  sensor  flame  speed  measurement  is 
±5.15%  of  value. 

(3)  The  uncertainty  of  calculated  photographic  flame  speed  measurement  is 
±10.075  of  value. 


The  maximum  uncertainty  that  can  be  expected  for  measured  and  calculated 
parameters  associated  with  the  averaged  values  of  flashback  flame  speed  and  peak 
pressure  rise  in  the  test  flame  chamber  at  standard  test  conditions  are  listed 
in  Table  1-2. 
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Taxi::.u:::  T: 

i  arar/eLt*:*; 

•u’CTtaiiity  f  .r  Measure i  an  i 
■  u:  the  :•  t andar-i  Test  Cm  I 

CL  :  tit  0  J 

1 1  i  .  n 

:  :;?■ 

>r 

Symbol 

Uncort 

;  :1 1  v 

1  :•  .  vr:. ■  ir.let  pressure 

PBO 

+  0.27  kd/m2  (  + 

.01-9  p 

wmeter  differential  pressure 

DPO 

+  0.0083  kN/rr:2  ( 

tG.oc ;  :  .• 

A:  -  exit  teupern+ure 

TO  L 

±1 .  B1-  ^  ( ±2 .  R°F ' 

.  '  a. -  ^r.; re 

PFL 

-17.0  kli/m^  (  +  : 

.c  ! . 

TFL 

±0. 9°C  (±2.7°f: 

FMF 

+0.8  Hz 

i  :  .j  Line  pressure 

PGF 

+17.2  kN/rn2  (if 

.50  p s i e  5 

futji  line  temperature 

TGF 

+0.9°C  (+2.7°F 

r‘  arrester  Inlet  pressure 

PA1 

+0.269  kN/m2  (+ 

0.0-9  trig 

l-.r.  arrester  differential  pressure 

DPA 

±8.3  N/m  ( ±  0 . 0012  r  s  i 

T  a. rea  ambient  pressure 

PAMB 

+0.538  kN/m2  (± 

0.07c  psia 

A;  r-n.-uu;  flow 

MA 

±1.90  kg/h  (it. 

19  lb/h ' 

A  r  ve  *  oe  1  ty 

VA 

±0.083  m/s  (±0. 

27  ft  ;  s  ; 

I  i  t. id- fuel-mass  flow 

MF 

±0.158  kg/h  (±C 

.35  lb/'::;. 

Air  t  I  i  p i  i  i- fuel-mass  ratio 

A/F 

±0.35 

At  seen  st- fuel-mass  flow 

MFC 

±0.270  kg/h  (±0 

.529  lb/}.} 

Ai  r  to  <.*:•  strous- f’ -el-mas s  ratio 

A/FG 

±0.77 

I  p.ivalen-e  ratio 

<P 

±0.07 

1  ame  chamber  peak  pressure  rise 

DFXX 

±121  N/m2  (±0.0176  psi.i' 

i'darno  s-'nsor  flame  speed 

FXX-FYY 

+0.19  m/s  (+0.t 

i  ft .si 

graphic  t’lame  speed 


+  0.35  m/s  (+l.lc  ft/s-' 


SX-SY 


-  .tt. 
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SECT  LOU  V 

i'Kf'.T  DERATING  PROCEDURE!' 


A.  test  ••"•at  lug  procedures  involving  fuel  transfer,  r  per'.'  r:  u  vi *.  i  '  o 
fuel  s;,  s*e::i  pressurise  1 ,  required  the  safety  tower  operator  t  be  in  :  sit! 
monitor  ail  <•  mr.unieation  on  a  headset,  and  control  access  to  the  test  ares  v. 
the  safety  status  lights.  The  test  stand  was  normally  in  a  fool:  :  :.  :ition, 
which,  permitted  .pen  access  tc  all  personnel.  Fuel  transfers  an  i  ter*  prep  a  ra¬ 
ti  >ns  were  performed  in  an  AMEER  condition,  which  restricted  nr.  per  a*  i  nr  rerr.  r 
ne:  to  the  w  rkshop  area,  unless  permission  was  .-tranter  t,  enter  then  areas. 

RED  condition,  which  isolated  the  test  stand  and  the  surr  ur  iing  iesirnated  area 
from  all  personnel,  was  used  during  actual  test. 

A  minimum  of  two  men  was  required  at  the  site  during  fuel  transfers  and 
test  preparations.  Personnel  safety  equipment  included  hard  hats,  fa  -e  shied  is, 
gloves,  fire  retardant  coveralls,  and  for  some  fuels,  breathing  air  systems. 
Additional  safety  equipment  was  available  including  safety  sh  vers,  eye  washes , 
and  the  Firex  water  deluge  system.  All  operations,  except  the  replacement  of  tr 
flaiae  chamber  diaphragms  and  the  changing  of  the  test  flame  arrester,  were  per¬ 
formed  using  formal  procedures  in  the  form  of  check  lists,  with  individual  pages 
dated  and  timed,  and  with  each  step  initialed  by  two  persons  witnessing  the  eve;. 

An  ignition-completion  hey  switch,  which  prevented  the  actuati .r.  f  the 
hydrogen/ air  spark  igniter  except  during  checkouts  and  test  operations ,  was 
located!  at  the  test  stand. 


B.  0 PER ATT KG  PROCEDURE  CHECK  LTCTC 

The  following  is  a  description  f  the  -perating  procedures  and  check  lists 
used  in  the  flashback  flame  tests. 

i.  pretest  .By stem  Checkouts 

a.  !  rel iminary  Check.  This  check  confirmed  proper  installation  of  the  to 
item,  instrumentation  and  control  cable  connections,  readiness  of  the  nitrogen 
pressurant  and  purge  system,  selection  of  the  proper  fuel  supply  mode,  requeste  i 
ph<  1 ographic  co  verage,  and  that  the  safety  .  yctem  was  operational . 

b.  Ej_ectr  .mechanical  Checkout^.  These  checks  examined ,  at  the  test  g.i  ;c  : 
the  "verall  control  system  readiness  by  individual  confirmation  of  pr  per  opo ra¬ 
tion  of  each  control  in  the  blockhouse. 

Sequence  Timer/Emergency  Circuit  Checkout.  This  check  ut  operated  the 
preset  auto-mat  lc  sequence  timer,  without  actual  fuel  flow,  while  rec  o'ding  c.-ntr 
element  actuations  on  the  facility  oscillograph.  Sequence  times  of  the  various.* 
elemenfr  were  measured  and  adjusted  where  necessary.  The  sequence  was  then 
r-  pent''  I,  adding  a  shutdown  with  the  emergency  switch  to  confirm  proper  emergeno. 
;w it.cli  a/'fuat  i<  nr  . 


■1.  Leak  Cheek.  These  checks  provided  ■>  go  :e  us  nitrogen  syster  >-ak 
at  max l:.r a.  operating  pressure  for  the  fuel  system,  fuel  vaporizer  and  _*•  n  ie.user 
■  :  ,  induct i.  .n  system,  and  the  air  compressor  system. 


■  ■  The  four  checklist  procedures  described  above  were  not  performed 

•  vc  on  '!i  test,  but  were  done  when  special  circumstances ,  such  as  c  rr.penent 

•  non, 'e.' ,  malfunctions ,  or  severe  weather,  were  encountered. 


1.  r  iei  Transfer  Procedures 

a.  Pr'.  reliant  (fuel)  Fill  Check  Lists.  These  procedures  were  provides  f-  r 
t  runs r'er ring  liquid  fuels  from  their  storage  containers  into  the  test  stand  fuel 
'•;pp;y  tank.  Propane  and  butane  were  transferred  via  their  own  vapor  pressure. 

!  he  *  her  liquid  fuels  were  transferred  from  drums  by  means  of  an  air-met. '.r- 
i riven  pump.  It  was  common  to  expect  up  to  five  separate  tests  in  a  day,  each 
f  which  required  approximately  >4.6  *  10“ 3  m3  (q  gall  of  fuel.  Theref.re,  the 
fuel  supply  tank  was  topped  off  for  each  test  day.  The  gaseous  fuel  system  was 
.  a  ied  by  simply  connecting  new  pressurized  gas  cylinders  to  the  supply  man if  Id. 

t.  Propellant  (fuel)  Offload.  These  transfers  from  the  fuel  supply  tank 
were  normally  returned  to  the  appropriate  storage  container.  Small  quantities 
pr  pane  or  butane  could  also  be  disposed  of  through  the  burn  stack.  Generally 
fuels  from  the  vaporizer/condenser  loop  remaining  in  the  collector  tank  were  rot 
suitable  for  recycling  and  were  disposed  of  as  waste.  It  was  necessary  to  empty 
the  collector  tank  after  every  two  days  of  testing. 


j.  Test  Preparations 

The  Test  Preparations  Check  Lists  for  instrumentation  and  test  systems  were 
completed  concurrently  on  the  day  of  testing.  In  the  blockhouse,  all  patchboard 
connections  were  completed  and  instrumentation  was  setup.  An  end-to-end  instru¬ 
mentation  system  calibration  was  performed.  At  the  test  stand,  various  safety 
check  and  facility  setups  were  made:  condenser  cooling  water  was  turned  on,  the 
hydrocarbon  analyzer  was  put  in  operation,  and  the  hydrogen  and  air  gas  pressures 
were  adjusted  for  the  igniter.  At  the  control  console,  the  air  compressor  was 
started  and  the  air  flow  adjusted  by  means  of  the  air  metering  valve  and  the  air 
bypass  valve.  After  the  air  system  temperature  and  flow  were  stabilized  at  the 
iesired  values,  the  test  flame  arrester  pretest  pressure  loss  was  measured  and 
recorded . 

The  fuel  vaporizer  heater  was  activated,  and  nitrogen  purge  gas  flowed 
through  the  heater  coils  and  into  the  condenser  for  the  preheat  cycle.  The  tost 
stand  safety  condition  was  changed  from  GREEN  to  AMBER.  The  fuel  supply  tank  was 
pressurized  with  nitrogen  up  to  the  desired  operating  pressure.  The  vaporizer 
heater  nitrogen  purge  gas  was  turned  off  and  fuel  flow  was  metered  at  a  low  level 
The  fuel  flow  was  increased  up  to  the  desired  test  condition  as  the  vaporizer 
heater  reached  the  operating  temperature. 

Final  visual  checks  were  made  of  the  test  stand  area,  and  the  ignition  oom- 
pieti.n  key  switch  was  turned  on.  All  operating  personnel  evacuated  the  test 
stand  area  and  its  safety  condition  was  changed  to  RED. 


i 


4.  Blockhouse  r'reparativn 


•knouse  {  re;  a 


.i  n  L eran  with  a  weather  stat ! 


ve'o  city  and  iirecti  n  and  tlie  1  bar  met rir  pre.v  1  r.,.. 

circuit.;  h  r  irniti  n  an i  emergency  shutd  vn  funcfi  nr  wore  arme  :  a 
nif leant  panel  switch  and  its  position  confirmed.  V.'itn  u.  .  test  re 
their  peratiiic  prsiti  nr. ,  the  test  oonditi  ns  were-  reviewed  and  c 


v.  nne..  a 


their  peratinr  prsiti  ,  the  test  oonditi  ns  were-  reviewed  ar.d  c  nfirmed. 
pretest  instrumentati  n  ea  lib  rat  I  .n  was  recorrec.  an  i  the  •  ant  down  pr  cedur- 


■mt -down 


A  typical 


luntdown"  procedure  follows: 


(l)  An  announcement  was  made  over  the  public  address  system  to  alert  per:: 
net  in  the  general  area  that  a  detonation  may  occur.  Generally,  the 
detonation  noise  was  very  intense  and  sharp,  capable  of  creating  ar. 
indirect  hazard.  A  horn  signal  was  also  sounded. 

{ 2 )  The  IDAC  tape,  EDAC  tape,  printer,  ana  oscillograph  were  turned  oh  to  a 
T10W  SPEED. 

( 3)  The  hydrocarbon  analyzer  purge  was  turned  OFF,  allowing  the  analyzer  t 
sample  the  fuel/air  mixture  flowing  through  the  exhaust-burr:  stack. 

(A)  The  fuel  mixer  valve  was  changed  to  the  RUN  position,  allowing  fuel  t  . 
flow  t"  the  test  piping  for  the  first  time  in  the  test  sequence.  The 
burn-stack-purge  valve  was  opened  to  sweep  out  combustible  gases  fr  -m 
the  collector  tank  vent  line.  The  oscillograph  was  turned  OFF. 

(5)  As  the  fuel /air  mixture  traveled  through  the  facility  piping  and  into 
the  flame  chamber,  the  hydrocarbon  analyzer  responded  with  a  steadily 
increasing  signal.  The  countdown  timer  was  then  stopped  for  a  HOLT 
period,  while  fuel  flow  and  air  flow  were  confirmed  or  adjusted,  if 
necessary.  During  flame  chamber  testing,  the  time  required  for  the 
mixture  ratio  of  chamber  exhaust  gas  to  reach  the  desired  level  range: 
from  ,?  to  27  minutes  due  to  differences  in  chamber  temperature,  fue . 
density,  and  f1  w-through  characteristics  in  the  test  chamber. 

,6}  When  the  COUHTDuw..  resumed,  the  IDAC  tape,  EDA C  tape,  and  printer 

were  switched  to  CONTINUOUS  MODE  and  the  oscillograph  and  movie  camera 
were  turned  ON.  The  vaporizer  heater  was  turned  OFF  aflame  chamber 
tests  inly)  t- •  prevent  electrical  switching  noise  on  the  data  traces 
during  the  test.  The  hi gh- frequency  FM  tape  recorder  was  turned  ON. 

(7)  The  hydrocarbon  analyzer  purge  was  turned  ON,  again  isolating  it  fr  m 
the  test  system  to  pr  toot  it  from  possible  pressure  pulse  Damage. 

(8}  Valves  were  actuated  to  the  CI.uSED  position  to  iso1,  ate  the  .1  'w-presr.ure 
transducer  from  possible  pressure  pulse  damage. 


i 


.Iter  was  AHMFD  t  y  a 


i!  .  . i!t  .  ; 


le  sv  i t  'h  and  the  osci. ..  •  -graph  wt 


Tin*  'tuuence  timer  was  tame:  N.  T:.i  s  caused  the  i.  -niter  t  fire  far 
•iO  :nr .  r  ..ame  chamber  t^sts,  tiie  hyir  gen  and  air  valves  iv  r  the 
i.-vii*  or  were  •  .-pene.i  an  :  ti,<  tranr'’  rmer  energizing  the  spark  plug  war 
:  wre  i  s i mult aneour 1 y .  Aetna.  iur-.it  i  n  l'  the  flame  was  .‘10  to  I  ms. 
I"  r  stained  burning  tests,  n I;  the  transformer  energizing  the  spark 
i-  :e  igniter  war  j  were.i  s’cr  dOO  n; . 

t  he  e.n  i  the  desired  tost  time,  the  test  was  terminated  by  cper- 
afinr  the  EMERGENCY  CUT  FF  switch.  Far  f.ame  chamber  tests,  this 
■■ogre:  five  seconds  after  ignitin.  F  r  sustained  burning  tests, 

s  cur  re.:  thirty  minutes  after  igniti  n  cr  when  flame  penetrat  i-r. 

■  'iirre.:.  The  EMERGEN f Y  CUTOFF  switch  triggered  the  following  events: 
fuel  mixer  valve  was  switche-j  fr  m  RUN  to  CONDENSE  position,  vaporizer 
.tvc  war  turned  >N,  vaporizer  iieater  was  turned  OFF  (sustained  burning 
tests  :ii  .y  1  ,  fuel  tank  outlet  valve  (liquid)  was  CLOSED,  and  fuel 
•yi  in  !£•:’  v*t let  valve  (gaseous)  was  CLOSED. 

The  igniter  was  UNARMED,  the  oscillograph  changed  to  LOW  SFEED,  and  the 
high-frequency  tape  turned  OFF. 

The  fuel  metering  valve  was  CLOSED  and  the  movie  camera  was  turned  OFF. 

Fuel  r  .pi'Ty  tank  pressure  transducers  were  vented  and  a  posttest  cali¬ 
brate  was  performed  on  the  instrumentation. 

Fuel  supply  tank  pressure  transducers  and  the  test  arrester  pressure 
transducers  were  reopened  to  the  test  system  and  all  instrument at icn 

was  turned  OFF. 

mpressor  air  flow  was  maintained  to  purge  residual  fuel  and  combust ivn 
by-pr  , ducts  from  the  test  piping. 


"he  r.  attest  procedure  included  a  visual  inspection  of  the  test  stand.  The 
’  vu;  safety  c  ndit.ion  was  changed  to  AMBER.  Reentering  personnel  inspected 
:r‘ ore  disc  assemblies,  and  replaced  discs  as  required.  The  posttest  flame 
*-r  pressure  1  ss  was  measured  and  recorded.  Chamber  diaphragms  were 
•(*  :  f-  r  repeats  of  f  i  ame  chamber  tests. 

•'  a  repeat  test  was  t<s  be  made,  the  hydrocarbon  analyzer  was  checked  out. 

■s'.,  /  re:  a  -at  3  n  Procedure  would  then  be  restarted  from  the  point  of  turning 

■  mp.renr.---r. 

wir.g  the  :  act,  test  <  f  the  day,  posttest  end-to-end  calibration  of  the 
s.'.etg  '  :.  system  was  made.  Fuel  in  the  induction  system  was  pushed  back 
■  •  ■  .if  y  '  ?:  :.k  an  i  the  system  thoroughly  purged  with  nitrogen  gas. 


&  E 


Immediately  after  each  test,  the  data  recorded  on  the  FM  tape  recorder  was 
layed  back  onto  a  quick-look  oscillograph  at  an  expanded  time  scale  of  8  tc  1. 
.his  data  told  the  test  conductor  that  he  did  or  did  not  get  ignition,  that  the 
flame  arrester  quenched  the  flame,  or  that  the  flame  penetrated  through.  If  the 
flame  arrester  was  penetrated  and  the  flame  speed  was  high,  a  playback  record  wa 
made  of  the  FM  tape  data  at  an  expanded  time  scale  of  32  to  1  for  greater  reso¬ 
lution.  These  records  were  then  analyzed  to  determine  flame  speeds  and  peak 
pressure  rise  data. 


A. 


SECTION  VI 

FACILITY  CHECKOUT  TESTS 


SUBSCALE  FLAME  CHAMBER  TESTS 


A  series  of  tests  were  .made  to  check  out  facility  systems  iristu..^:  s;oji:'l  •a.- 
xy  for  the  flashback  flame  tests.  The  initial  tests  were  ma-.ie  in  a  s  ..hr  r-i .  e  :'.\r  •- 
chamber  wnile  the  full-scale  chamber  was  being  fabricated.  These  tr.-. ::  were  ' 
ducted  to  evaluate  the  new  hydrogen/air  spark  igniter  system,  the  operating  tr  - 
cedures  required  to  fill  an  enlarged  chamber  with  a  combustible  fue.  air  mix*  a*-- 
that  could  be  verified  with  measurements  on  the  total  hydrocar  hen  ana-yrer,  t 
effectiveness  of  the  frangible  plastic  chamber  diaphragms,  and,  fij, a the 
extent  and  nature  of  the  problems  associated  with  the  flarne  plume  emit  tea  fr 
both  ends  of  the  test  chamber  following  the  diaphragm  rupture. 

The  subscale  chamber  shown  in  Figure  6-1  was  made  from  an  existing  piece 
of  steel  pipe  0.91  m  (3  ft.)  in  diameter  and  2.13  m  (7  ft.)  long.  It  was  m  ante  i 
on  supports  at  the  exit  end  of  the  facility  piping.  A  commercial  Kres-Va  ■  screen- 
flame  arrester  housing  was  Installed  downstream  of  the  witness  sect.i  r.  for  these 
check-out  tests.  Frangible  diaphragms  made  from  6-mil -thick  black  p. i.vethyiene 
plastic  sheeting  covered  both  ends  of  the  chamber.  A  nominal  15-2-ctr.-  (6-in.- 
diameter  hole  in  the  upstream  diaphragm  provided  entrance  for  the  iue. /air  mixture, 
and  a  nominal  7.6-cm-  (3-in.-)  diameter  hole  in  the  downstream  diaphragm  pr  videi 
the  exhaust  exit.  The  gas  sampling  probe  for  the  hydrocarbon  analyser  was 
positioned  at  the  center  of  the  downstream  hole.  The  hydrogen/air  spark  igniter 
was  mounted  on  a  length  of  pipe  in  the  center  of  the  chamber,  such  that  the  y  int 
of  ignition  was  at  the  axial  center  line.  A  high-speed  motion  picture  camera 
viewed  the  interior  through  a  window  port  in  the  bottom  of  the  flame  chamber. 

Seven  test  firings  were  made  in  the  subscale  flame  chamber  using  gasoline 
air  mixtures  at  an  injection  equivalence  ratio  ranging  from  1.1  to  l.5  (A/F  =  lj.29 
to  J:1.2'<).  The  injection  velocity  was  i .  92  mis  (9  ft/s)  through  the  19-2-cm- 
(6-in.-)  diameter  piping.  Three  tests  were  made  with  a  dual  20-mesh  screen 
arrester  installed  in  the  Fres-Vac  housing,  and  four  were  made  with  the  arrester 
screens  removed.  Energetic  flames  were  recorded  in  the  chamber  when  ignition  was 
made  after  the  hydrocarbon  analyser  measured  an  equivalence  ratio  of  0.7  (A  F  = 

20. dd )  or  higher  in  the  exhaust  flow.  The  flames  entered  the  piping  on  every  test 
where  the  screen  arrester  was  removed.  On  the  first  two  tests  with  the  screen 
arrester  installed,  the  flames  were  quenched.  However,  on  the  last  test,  the  fiame 
did  penetrate  the  dual  20-mesh  screen  arrester  and  enter  the  facility  piping. 

The  motion  picture  data  from  this  test,  showed  that  the  hydrogen/air  spark  igniter 
was  still  burning  at  the  time  the  propagating  flame  entered  the  arrester  housing. 
This  would  have  resulted  in  excessive  flame  speed  that,  caused  the  arrester  failure. 
I’osttest  inspection  revealed  no.  damage  to  the  screen  arrester. 


Both  chamber  diaphragms  ruptured  and  burned  on  a,]  tests.  The  peak 
pressure  rise  recorded  ranged  from  2.0Y  to  2.7 6  kN/rrg  (0.3  t  '  0.L  psid'. 
flame  plume  emitted  from  both  ends  of  the  chamber  extended  for  a  distance 
1  m  (3.3  ft.).  Ail  instrumentation  and  cabling  within  this  area  required 
protective  covering.  The  audible  noise  associated  with  diaphragm  rupture 
Flashback  flame  in  the  facility  piping  did  not  pr  •<iu.*e  detonations. 


chamber 
The  visit! > 
'  f  ah  tit 
f  1  .ame 

was  minima 
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The  i. -niter  was  relocated  te  the  center  •■!'  the  chamber  an  i  the  t<~st  firlnrj 
were  repeated.  With  this  configuration,  the  flame  sens  rs  re:  r.sed  :'rt;:.e  nr  j  a- 
gati.ni  in  b  th  the  upstrea::  and  downstream  direction.;  bef  .re  the  -ha::.:  er  hn;  :.ru 
were  Li.  wn  out.  Calculated  ai:.e  speeds  ranged  from  i.p  ...u  ,5  v.  _5  ft,.;, 

ana  tuo  flame  did  not  penetrate  the  screen  arrester.  Ail  chamber  pressure  sens  .re 
simultane  ously  recorded  a  peak  pressure  rise  around  1000  U/m'~  -,  O.Il?  psid)  ,]  ,.?t 
hex',  re  the  diaphragms  ruptured. 

The  igniter  was  relocated  to  the  upstream  position,  which  place.:  the  p  irt 
source  of  ignition  only  76.2  cm  (30  in.)  from  the  downstream  face  of  the  screen. 

One  test  firing  was  maue  with  this  configuration  where  the  flame  penetrated  tor  .rn 
the  screen  arrester  and  into  the  facility  piping.  Posttest  inspection  aid  not 
reveal  any  damage  to  the  screens.  Motion  pictures  taken  of  this  test  showed  the 
ignition  sequence  and  the  rapidly  expanding  spherical  flame  front.  It  was  estimate 
that  the  flame  speed  was  in  excess  of  15.2  m/s  (50  ft/s).  This  unusually  nigh  flam 
speed  was  most  likely  caused  by  the  localized  influence  of  the  hydrogen/air  spark 
igniter  that  was  programmed  for  2.0  seconds  duration.  The  igniter  duration  was 
reprogrammed  to  only  0.2  seconds  (200  ms)  on  all  subsequent  tests;  this  eliminated 
the  high  initiation  flame  speed. 

When  the  igniter  was  relocated  to  the  downstream  position,  a  1.52-m-  (5-ft.-) 
diameter  aluminum  plate  was  installed  to  cover  the  central  area  of  the  plastic 
diaphragm  on  the  flame  chamber  exit.  This  flame  shield  covered  about  h0%  of  the 
total  exposed  area  and  delayed  the  rupture  of  the  diaphragm  for  a  sufficient  length 
of  time  to  allow  the  flame  to  traverse  the  length  of  the  chamber.  M<  tion  pictures 
taken  of  test  firings  after  this  modification  showed  that  the  flame  propagation 
path  was  predominantly  in  the  lower  half  of  the  chamber.  It  is  believed  that 
this  is  caused  by  gravitational  stratification  of  the  fuel/air  mixture  as  it 
enters  the  chamber.  The  1.52-m/ s  (5-ft/s)  injection  velocity  is  not  sufficient 
to  produce  turbulent  mixing  within  the  large  chamber  volume.  It  is,  however, 
representative  of  the  worst-case  condition  of  a  fuel  storage  tank  venting  vapors 
on  a  calm  day.  The  results  would  be  a  flammable  concentration  of  fuel  vapors 
collecting  in  the  tank  area,  causing  a  very  hazardous  condition.  In  the  test 
chamber,  the  stratified  flame  produced  very  inconsistent  readings  on  the  flame 
sensors  mounted  along  the  horizontal  center  line.  To  correct  this  situation, 
the  flame  sensors  were  relocated  along  the  top  center  line,  where  the  field  f 
view  looking  down  into  the  chamber  included  the  low  level  flames.  The  resulting 
flame  speed  measurements  were  much  more  consistent. 

The  fiame  screen  assembly,  which  is  mounted  in  the  center  >  f  the  Pres-Vac 
housing,  was  20.3  cm  (tt  in.)  upstream  of  the  exit  flange.  In  this  position,  the 
screen  surface  was  not  visible  to  the  motion  picture  camera  and  the  flashback 
flame  impingement  on  the  surface  of  the  screen  could  not  be  photographed .  For 
the  last  series  of  checkout  tests,  the  Pres-Vac  housing  was  replaced  with  a  short 
15.2-cm-  (6-in.-)  diameter  flanged  pipe  spool  section  to  provide  the  adaptor 
mounting  for  the  screen  flame  arresters.  The  screens  were  installed  between  two- 
flanges  at  the  pipe  spool  exit,  where  they  would  be  in  full  view  of  the  motion 
picture  camera.  Figure  6-2  is  a  photograph  of  a  single  30-mesh  screen  arrester 
mounted  in  the  pipe  spool  adapter.  Two  test  firings  were  made  with  this  test 
assembly  using  propane  and  air  mixture  at  an  equivalence  ratio  of  1.1  and  a  fl  -v 
velocity  of  1.52  m/s  (5  ft/s).  Both  the  upstream  and  downstream  igniter  posit i  -ns 
were  used.  Flame  speeds  from  ^.5  to  ('.62  m/s  (15  to  25  ft/s)  were  re:  rded  and 
the  flame  did  not  penetrate  the  single  iO-mesh  screen  arrester  on  either  test. 
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started  to  evaluate  the  four  selected  types  of  flarne  arresters  with  one  or  more 
•  f  the  eight  preselected  fuels.  To  reduce  the  number  of  possible  tests,  a  st.anaa 
test  condition  was  established  that  would  use  an  injection  equivalence  ratio  (i.O 
to  1.2)  producing  the  theoretical  maximum  flame  speed  for  the  particular  fuel/air 
mixture  in  use  and  an  inlet  piping  flow  velocity  of  ] . 52  m/s  (5  ft/s).  Ignition 
would  be  initiated  at  an  equivalence  ratio  (0.7  to  0-9)  well  above  the  lower 
flammability  limit  as  measured  by  the  total  hydrocarbon  analyser  sampling  the 
mixture  flowing  in  the  exhaust-burn  stack. 
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SECTION  VII 

DESCRIPTION  OF  FLAME  ARRESTER  TEST  ASSEMBLIES 


A.  GENERAL 

The  U.S.  Coast  Guard  has  approved  the  use  of  both  a  single  30-mesh  screen  ana 
the  dual  20-nesh  screen  configuration  for  screen  flame  arresters  n  U.S.  flag 
vessels.  Their  purpose  is  the  prevention  of  flame  passage  fr  n.  the  -pen  deck 
into  cargo  tanks  through  vent  outlets,  ullage  ports,  hatches,  ~r  butterworth 
plates.  Th^  wire  cloth  material  used  for  these  screens  must  be  resistant  t.<  “he 
marine  environment,  i.e.,  resistant  to  chemical  corrosion  and  salt  water  rusting.  i 

In  addition,  the  wire  material  must  be  resistant  to  high-temperature  oxidati  -n  ' 

in  the  event  an  accidental  flame  impinges  on  the  screen  surface  for  a  prolonged 
period  of  time. 

These  requirements  served  as  guidelines  for  the  selection  of  flame  screen  'I 

arresters  to  be  experimentally  evaluated  as  part  of  the  U.S.  Coast  Guard  futaeu 
portion  of  this  program.  The  NASA  funded  portion  was  directed  at  evaluating  tw 
generically  different  types  of  flame  arresters,  namely  the  spi ral-wound ,  eriir.pe-. 
metal  ribbon,  and  the  packed  bed  of  Ballast  rings.  These  two  types  of  flame 
arresters  have  been  shown  to  be  very  effective  in  quenching  gasoline  air  mixture 
detonations  in  a  piping  system,  as  reported  in  Reference  2-10.  The  pr -pagat. i r.g 
flame  speeds  for  detonations  were  in  excess  of  1800  m/s  (5906  ft/s).  it  remained 
to  be  demonstrated  that  these  arresters  are  also  effective  against  flames  with 
speeds  in  the  range  of  1.5  to  9-1  m/s  (5  to  30  ft/s),  and  that  they  remain  effo  •- 
tive  under  sustained  burning  test  conditions  for  periods  up  to  30  minutes. 


3.  SINGLE  30-MESH  SCREEN  ARRESTER 

The  single  30-mesh  screen  arrester  was  made  from  standard-grade  stain iess-st ee i 
type  316  wire  cloth  having  the  following  dimensions: 

Mesh  size:  30  *  30  per  lineal  inch 

Wire  diameter:  0.033  cm  (0.013  in.) 

Hydraulic  radius:  0.0516  cm  (0.0203  in.) 

Open  area:  31-1% 

The  type  316  stainless-steel  wire  is  highly  resistant  to  chemical  corrosion  and 
rusting.  It  will  also  resist  thermal  oxidation  at  temperatures  up  to  760°C 
(lU00°F).  Nichrome  wire  has  a  higher  thermal  oxidation  resistance,  up  to  972°C 
(1700°F),  but  is  less  readily  available  in  wire  cloth  weaves. 

The  single  screen,  with  a  Vellumoid  gasket  on  either  side,  was  installed 
between  the  exit  flange  of  the  15.2-cm-  (6-in.-)  diameter  pipe  spool  adapter  and 
a  bolted-up,  slip-on  flange  used  for  clamping,  as  shown  in  Figure  6-2.  The  fuel/ 
air  mixture  flow  velocity  in  the  facility  piping  varies  inversely  with  the  cross- 
sectional  flow  area,  therefore  the  standard  1 . 52-m/s  (5-ft/s)  flow  velocity  in¬ 
creases  to  1* .  1  m/s  (13-5  ft/s)  in  passing  through  the  30-mesh  screen  attached  at 
the  end  of  the  pipe. 
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grade  stairless-steel 


10  x  :■  ;  per  .  ineai  itch 

0  >  0-*  _  Cm  \  0  .  J-.G  11.  .  , 

O.Oco  c::.  (O.Ojl  in.  ;■ 


were  installed  on  the  pipe  spool  adapter  using  the  same  method 
hut  with  the  addition  of  a  2.5l-cm-  (i.O-in.-)  thick  spacer 
reets.  An  exploded  view  ol‘  the  components  in  this  assembly 
,  ana  the  test  installation  is  shown  in  Figure  7-2,  The 
•in.--  at  standard  conditions  in  the  facility  piping  accelerated 
;)  luring  passage  through  the  15,. -cm-  (6-in.-)  diameter  20- 
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. ,  crimped  metal  ribbon  arrester  was  the  optimum  configuration 
.its  of  the  parametric  phase  the  testing  reported  in 
as  made  from  a  commercially  available  Shand  and  Jurs  spiral- 
ess-steel  core  element  having  the  following  dimensions: 

■  do  cm  |ii  in.) 

20..-  cm  (8  in.) 

:  0 . 0089  cm  (0.0035  in.) 

O.icO  cm  gd.Obi  in.) 


i 

i 

i 
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E.  PACKED  BED  OF  BALLAST  RlKdS  ARRESTER 


,  The  configuration  for  the  packed  bed  of  Ballast  rings  arrester  was  a-s 

developed  during  the  parametric  phase  of  testing  reported  in  Reference 
I  has  the  following  optimized  dimensions: 


I 


Bed  diameter : 

Bed  length: 

Bed  volume : 
Packing  material: 
Ring  size: 

Open  area : 


25.4  cm  (10  in.  ) 

■>5-7  cm  (18  in.) 

3605  cc  (1*419  ca.  in.) 

aluminum  Ballast  rings 

2.54  cm  vl.O  in.)  in  diameter  >■ 

2.54  cm  (1.0  in.)  long 

60%  (estimated) 


i 
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The  rings  were  randomly  packed  in  25.4-cra-  (10-in.-)  diameter  fian.-ed  pipe 
housing  and  he id  in  place  with  an  expanded  metal  grid,  as  shown  in  Figure  ■-?.  A 
flanged  concentric  pipe  reducer,  25.4-era  to  15.2-cm  ( 10-in.  to  6-in.)  iiameter, 
adapted  the  inlet  end  of  the  arrester  housing  for  installation  on  the  exit  ' f  the 
facility  piping  as  shown  in  Figure  7-6.  The  estimated  fuel/air  mixture  fl.w 
velocity  through  this  arrester  at  the  standard  test  condition  was  around  0.9  s 
(3.0  ft/s). 
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‘ :  r  ‘  res  a  t..  L  : \ .  .  a  2  . '  W  a S  *  .  i  jVt?  I  hy  texts  :  Ti;‘  the1  :  .  V i  *  SS.  :* 
ti  n,  as  sum i:ir  that  it  was  m  re  severe.  A  mini  three  t«*.*t 


m:r:c  ••  earn  test  •  nfi'urat  i  n  t:  determine  the  .•  uc. -os::  r  :*u i  .  ure  t:. 
•arrestor.  it  a  scree:.  flame  arrester  fai  J  ed  tr>  quench  th-  f .  ashfca  :-k  •' .  ac.o 
these  in'tia..  test.',  1 1  was  to  be  ieleted  fr-m  the  rr  <-rair.. 


."he  sec  i..J  xcreenins  test  series  was  pei*f . rmed  t  evat  is  to  the  st  •  'o.-v  • 
flame  arrester  c  r.fipurati  aus)  from  the  first  series,  urine  an  ethylene  a:: 
mixture  Le-’e  jsf  it  had  the  highest  pr-  balie  flame  speed  f  t i . •  -  represe s.t  at  i  ■ 
b-uk  cart'  fuo:s .  hr  the  upstream  ar.  i  i  wnstream  ignitor  ;  si  t.i  ns  were 
r.  c  tii  i  eti  ti  the  ethylene  air  mixt.re  tests,  jic-  r  :  ti.  the  scree: 
f.amo  arresters  was  t  :,e  select*.?  i  r  ucii  t  i  mai  testing  wit:;  t  he  six  al’e: 
types  ,el  'a  is  mixtures.  The  select :  :i  c.f  a  rrester  c  r* i  ira.ti  ::s  was  vs 

the  t.y.  ■  ar*  f nurd,  nasou  up  -n  the  test  re.5  tits  ar.  i  i  he  res  .-amend  at  •  p: 


ATli  t  i.  .nai  i  nut  ;  a:  tort  series;  were  made  in  the  f.ame  sharil  or  wit::  ‘ 
e'tei  arrester  e  rfi  sura.t  i *.  -ns  using  the  i  win.-*  representut i ve  is.  k  -a , 

fuels:  i  .  a 'etaid'diy  ie,  (2)  butane,  ethyl  e*  her,  ’• )  gar  1  ine,  me* 

ai  •  h  .,  '  ■  i  i  i1')  t  lueri-t.  The  igniter  p  ni  ti  t.  was.  selected  i  •  pr  cur.-  the 

severe  !' :  ar.hba-.-k  'see  pr  pagatinn  condi  h  i*  n  ar  je*  or.mined  fr  ::i  *  iio  teas  ;re 

•'.arte  spe-  i  udvatc  iic  t.  ward  the  face  f  the  ter'.,  arrester  In  i  he  fir.  '  tv 
s-reening  test  .xyfe. 


A  fina  ova  '.  u.at  i  n  test  series  war  male  us  it-*  i  i .  <  •  su'cessf.i  arrestor 
•'i  s  cat  i  ns  fr  m  the  previ  .a  us  testing  t  evaiaato  f  lie:  r  ho.at-u:  an  i  •.pa-nehii 
"•apabi  ’.  it  ier  in  "he  s.  chained  flaine  facility.  The  i  ame  fr  a  pr  par  ■  air 
air**  at  the  staniari  test  condition  was  stab!  ir.e-i  n  ‘he  iowns.i  rerun  fa  *e  s' 
arrestor  for-  a  po  r  i  :  ..if  -.(J  minutes..  these  tests*,  wore  «se*i  n  totem!  ue  if 
trie  acres,  ter-  s  citinue  t.->  futchi.n  after  reaching  an  e  .  .-v-i*  e  :  rt  e-.i  *ta' 

s  ar-sa-k  *  ■  "  p . .  .re  with  ut  struct.  ,ra  ia:  as.-.  \  single  test  f  r  t  :  ■'*  1'u! 

•:  .rati  ri  •'  '  mi  nut  with  'Ut.  a  ''  ame  roi.c*  ra<  ;  n ,  was  r-uffi  *  t  it  *” 

ti''  . '  .  ■  •  f  i !  ;  erf  nance*  f  any  arrest  i  r  :.  f  i  ■  rat  i  n.  a  flame  :  i  i  \ 

•  :.*  t  arr-ci'  ;',  f  ho  *  o  ■  t.  v  J.,-  a  ‘  •  :  '  veri  f.V  Idle  ''' 

••••  *  w  ::.A. n  ie  i  f  .  rum  •  arret  c  •  tfi*.r'Si  ns. ,  the  si 
•.<  •  -i  "ic  u  at:  i  ‘  h-'  p-.  -ke  :  be  j  ;•  a.  .minim  a  r  ■’nss  ,  wot 

i  r  ce  f  ...  ins  *  is-  tit  s  •f-eni  •,  *  .  they  w-r- 
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1  he  first  series  screening  tests  were  made  with  |  r-  pane  air  mixture  -s 
:uu  :ar  i  test  c  -nditi  jr:  where  the  inject i  n  equivalence  rati  ■  was  .  . 

-  I  .  7 "•  ■ .  Fill  time  required  t  obtain  a  good  c  u:.bustib..e  mixt  :re  i:.  t 
■hun.ber  was  600  seconds .  The  nominal  equivalence  rati  at  igni'  i  n  was 
A,'-  =  1:3.01)  as  measured  by  the  total  hydr.carb.n  analyser  samp. ing 
tir  mixture  in  the  exhaust-burn  stack.  Tests  were  made  with  the-  iual  10- 
tureen  arrester  ana  the  single  30-mesh  screen  arrester  using  the  up- 

and  :i  wnstream  igniter  positions  (Test  Configuration  Nos .  013  to  116). 
r-si’uO  igniti  ,n  and  combustion  was  achieved  on  all  test  firings.  The  flash- 
llames  i  L  i  t.  t  penetrate  either  of  these  screen-type  arresters  e.n  any  tost . 

1’ne  upstream  igniter  position  produced  an  average  flame  speed  between  the 
s  uree  f  ignition  and  the  arrester  (F81-F82,  Table  l-l )  that  measured 
o  1 13.7  ft/s).  The  flame  speed  moving  in  the  direction  of  flow  (downstream 
iced  to  an  average  of  13-6  m/s  ( 1*1+  .6  ft/s)  before  it  exited  the  downstream 
1  the  flame  chamber  (F86-F8J) .  Average  peak  pressure  rise  in  the  chamber 
t  TIB/  ■  ranged  from  1139  to  97^  N/m2  (0.165  to  O.lll  psid).  A  plot  .of  the 
>m  these  tests  is  shown  in  Figure  8-2.  Also  shown  on  this  plot  are  the 
.■reed::  in  the  facility  piping  that  occurred  on  the  last  checkout  test, 
xt i  arrester  was  not  installed.  The  flame  entered  the  piping  (F8;-F73'  at 
:  f.  5  ft  '■')  and  accelerated  up  to  18.9  m/s  (62.0  ft/s)  at  the  facility 
arrester  (F2i-F12).  A  tabular  summary  of  averaged  flame  speed  data  and 
>re.: sure  rise  data  is  presented  in  Table  1-1.  A  tabular  summary  ■•■f  all 
.'-state  iata  is  presented  in  Appendix  B  and  a  tabular  summary  of  all 
Lent-stale  data  is  presented  in  Appendices  C  and  D. 


The  average  flame  speeds  recorded  in  this  test  chamber  when  using  the  devr.- 
•f ream  Igniter  p  r.iti«>n  (Test  Configuration  Nos.  Ill  and  111)  were  more  unit' 
tni  _  .wer  in  value,  as  shown  in  the  data  plot.  Figure  8-3.  A  maximum  flame  spec 
m/s  :  • .  8  ft/s)  occurred  just  upstream  of  the  igniter  (F86-F87 ) .  The 
fl  u.shhack  flame  speed  propagating  against  the  direction  of  flow  (upstream)  war 
nly  i.  0  m  ::  :0.8  ft  fa).  This  is  about  one  half  the  speed  obtained  using  the 
,r  stream  igniter  position.  Peak  pressure  rise  data  were  also  more  uni;'  rm  a:.: 

■■ .  i giut  .y  i  wer,  with  an  averaged  value  of  8l0  N/m2  (0.117  psid). 


Hue  results  of  these  first  screening  tests  indicate  that  both  the  dual 
-moot  screen  arrester  and  the  single  30-mesh  screen  arrester  are  effective  in 
niching  flashback  flames  with  a  nominal  flame  speed  up  to  6.1  m/s  l ft 
•  m  re  severe  test  condition  in  the  flame  chamber  is  produced  whet,  t  ne  igniter 
:  o-g  ed  in  the  upstream  position.  The  flame  speed  data  obtained  fr  in  the 
;  picture  films  corroborate  these  test  results.  It  was  apparent  in  the 
ms  that  the  degree  of  intensity  (brightness)  in  the  propagating  flame  fruit 
■rei-i'.'  i  *.  .  the  regi  ns  ..f  optimum  fuel/air  mixture  ratio  and  higher  level.-  : 
•a  i.g’l  turt.uience.  When  the  upstream  igniter  position  was  used,  a  aright  bai. 
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Figure  8-2.  Propane/Air  Mixture  Using  Upstream 
Igniter  Position  Test  Results 


TEST  Nos.  1497  AND  1498 
CONFIGURATION  Nos.  1I4AND1I5 
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Figure  8-3.  Propane/Air  Mixture  Using  Downstream 
Igniter  Position  Test  Results 
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a  i  -i  be  seen  a  •  veHerating  upstream  through  the  center  core  f .  _v  :  t 
the  tue.  air  fixture  as  it  expanded  from  the  facility  piping.  The 
.re  rati  i the  expanding  plume  becaitie  stratified  by  gravita*  nal 
the  heavier  hy-.lr '>carb  n  vapors  settled  to  the  bottom  of  the  test  char 
i  wnstrea-.  igniter  p  sit  ion  was  used,  the  propagating  flame  uld  be 
ti.o  film..-  c  iicent rated  mainly  in  the  lower  half  of  the  chamber  with  a 
a;  and  ii f fused  flame  front  moving  relatively  slowly  upstream.  This 
nt  ; iv reared  in  brightness  and  accelerated  in  speed  as  it  pr  gressea 
e  *  the  test  arrester  installed  on  the  facility  piping. 


:■ ; ov:d-:::iTA;h  mixture  screening  tests 

'."no  se.’.nd  series  of  screening  tests  were  made  with  an  ethylene/air  mixture 
v  t. he  standard  test  conditions.  The  injection  equivalence  ratio  was  i .  1 5  (A/F  = 
....  86)  r  maximum  flame  speed.  Fill  time  required  tc  charge  the  flame  chamber 
with  a  .•ombust  ib :  e  mixture  of  this  gaseous  fuel  was  reduced  to  1*00  seconds.  The 
n  mina:  equivalence  at  the  time  of  ignition  was  0.70  (A/F  =  21.1).  Pc th  the  dual 
20-n.esn  screen  arrester  and  the  single  30-mesh  arrester  were  used  in  these  tests 
with  upstream  and  downstream  igniter  positions  (Test  Configuration  Nos.  117  t. 

111.1 ) . 

A  p  rob  I.  err.  started  on  the  first  test  when  it  was  discovered  that  a  sustaine  t 
flame  tevei  jped  inside  the  exhaust-burn  stack  piping  during  the  chamber  filling 
■porati  ins.  It  is  believed  the  flame  originated  from  the  natural  gas  fired 
burner  at  the  top  of  the  stack.  Once  the  ethylene/air  exhaust  reached  a  flammable 
mixture  level,  a  flashback  flame  from  the  burner  impinged  on  the  exit  arrester. 

L’he  relatively  high  flame  speed  of  the  ethylene/air  mixture  and  the  low  flow 
velocity  at  this  location  allowed  the  flame  to  penetrate  into  the  core  of  the 
arrester.  It  heated  the  stainless-steel  crimped  ribbon  up  to  the  spontaneous 
ignition  temperature  (•’;90°C)  for  ethylene  fuel.  At  this  point,  the  flame  passed 
through  the  exit  arrester,  propagated  up  the  piping,  and  held  on  the  downstream 
face  f  the  inlet  arrester.  Other  than  blistering  the  paint  on  the  outside  of 
tne  piping,  this  caused  no  structural  damage. 

In  the  inlet  arrester  of  the  exhaust-burn  stack  had  a  core  element  made  of 
rpirai-w  and,  crimped  aluminum  ribbon.  It  was  four  times  as  long  as  the  exit 
arrester,  15.2  cm  (6  in.)  compared  to  3.8  cm  (1.5  in.),  and  approximately  the 
sane  diameter.  This  larger  mass  of  metal,  having  higher  heat  capacity,  appar¬ 
ently  prevented  the  lean  ethylene/air  flame  from  penetrating  through  the  inlet 
arrester.  Consequently,  the  exit  arrester  was  replaced  with  a  unit  similar  to 
the  inlet,  arrester.  The  results  indicated  no  further  incidents  of  sustained 
flames  in  the  exhaust-stack  piping  and  the  test  program  to  evaluate  screen-type 
arresters  using  ethylene/air  mixture  flames  continued. 

The  average  flame  speeds  recorded  in  the  flame  chamber  when  using  the  down¬ 
stream  igniter  position  (Test  Configurations  No.  119  and  121)  ranged  from 
'.8  m/s  (25.6  ft/s)  at  the  igniter  (F86-F87)  to  m/s  (lt.U  ft/s)  at  the  ,, 
arrester  (F8]-f8?).  The  average  peak  pressure  rise  in  the  chamber  was  931  W/m" 

!  0.  M5  ps id ) .  A  plot  of  the  test  results  are  shown  in  Figure  8-^t.  Both  types 
f  screen  flame  arresters  were  successful  in  quenching  these  ethylene/air  mixture 
flashback  flames. 
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TEST  Nos.  1501  AND  1502 
CONFIGURATION  Nos.  119,  120  AND  121 

□  AVERAGE  FLAME  SPEED  IN  CHAMBER 
A  FLAME  SPEED  IN  PIPING  WITHOUT  ARRESTER 
O  AVERAGE  PEAK  PRESSURE  RISE  IN  CHAMBER 
X  SPAN  OF  ALL  DATA  "j 
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Figure  8-4.  Ethylene/Air  Mixture  Using  Downstream  Igniter 
Position  Test  Results 


When  the  arrester  was  removed  from  the  end  of  the  facility  pipe,  the  flame 
entered  the  pipe  (F81-F73)  at  a  speed  of  4.9  m/s  (l6.1  ft/s)  and  accelerated  to 
a  detonation  at  the  inlet  arrester  (F21-F12)  with  speeds  in  excess  of  1800  m/s 
(5905  ft/s).  The  detonation  did  not  produce  any  damage  to  the  test  facility 
systems . 

The  average  flame  speeds  recorded  in  the  flame  chamber  when  using  the 
upstream  igniter  position  (Test  Configuration  Nos.  117,  118,  and  122)  ranged  from 
6.6  m/s  (21.6  ft/s)  at  the  arrester  (F81-F82)  to  16.3  m/s  (53.5  ft/s)  at  the 
downstream  chamber  exit  (F86-F87).  The  average  peak  pressure  rise  in  the  chamber 
was  1102  N/m^  (0.160  psid).  A  plot  of  the  test  results  are  shown  in  Figure  8-5. 
The  single  30-mesh  screen  arrester  was  successful  in  quenching  all  flashback 
flames,  whereas  the  dual  20-mesh  screen  arrester  failed  to  quench  any  of  the 
flashback  flames  in  three  test  firings.  The  flame  that  penetrated  through  the 
arrester  screen  housing  decelerated  briefly  to  3.9  m/s  (12.8  ft/s)  in  the  facility 
piping  (F81-F73),  and  then  quickly  accelerated  to  a  detonation  before  reaching 
the  facility  inlet  arrester  (F21-F12).  Posttest  inspection  of  the  screens  fol¬ 
lowing  each  flame  penetration  did  not  reveal  any  damage  to  the  screen  wire  that 
could  have  caused  this  failure. 

The  results  of  the  second  screening  tests  indicate  that  the  single  30-mesh 
screen  arrester  is  effective  in  quenching  flashback  flames  with  nominal  flame 
speeds  up  to  6.6  m/s  (21.6  ft/s).  The  dual  20-mesh  screen  arrester  is  not 
effective  at  this  higher  flame  speed,  and  the  limiting  flame  speed  will  have  to 
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Figure  8-5.  Ethylene/Air  Mixture  Using  Upstream  Igniter 
Position  Test  Results 


be  determined  t'rom  additional  tests.  The  upstream  igniter  position  again  resulted 
in  the  more  severe  test  conditions  when  using  ethylene/air  mixture  in  the  flame 
test  chamber.  Photographic  data  of  flame  speeds  taken  from  the  motion  picture 
films  corroborated  these  test  results.  In  accordance  with  the  logic  diagram. 
Figure  8-i ,  the  follow-on  alternate  fuels  tests  were  limited  to  using  the 
upstream  igniter  position  only. 


D.  GAP. ,'L TNE/ATR  MIXTURE  TESTS 

The  first  series  of  alternate  fuels  tests  were  made  with  a  gasoline/air 
mixture  at  the  standard  test  condition.  The  injection  equivalence  ratio  was 
1.10  (A/'F  =  17.29 )  Tor  maximum  flame  speed.  Time  required  to  fill  the  test 
'■hamber  varied  depending  on  the  ambient  temperature,  but  averaged  around 
900  seconds.  The  nominal  equivalence  ratio  for  ignition  was  0.70  (A/F  =  20.89). 
Tests  were  made  using  the  dual  20-mesh  screen  arrester,  the  single  30-mesh 
screen  arrester,  the  spiral-wound ,  crimped  stainless-steel  ribbon  arrester,  and 
the  packed  bed  of  aluminum  Ballast  rings  arrester  (Test  Configuration  Nos.  125 
to  130).  All  tests  were  made  with  the  igniter  in  the  upstream  position. 

The  average  flame  speed  between  the  igniter  and  the  downstream  face  of 
the  test  arresters  (F81-F82)  was  b.22  m/s  ( 13  -  3  ft/s).  The  highest  average 
flame  speed  was  measured  just  downstream  of  the  igniter  (F82-F83)  at  6.01  m/s 
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(19. T  ft/s);  from  there  it  decelerated  to  only  2.92  m/s  (9.6  ft/s)  at  the  flame 
chamber  exit  (F86-F87).  Average  peak  pressure  rise  in  the  chamber  was  around 
1018  N/m2  (o.ihQ  psid).  Without  any  arrester  installed,  the  flashback  flame 
entered  the  facility  piping  at  2.00  m/s  (6.6  ft/s)  and  propagated  upstream 
reaching  a  speed  of  5.1*4  m/s  (17-8  ft/s)  at  the  facility  inlet  arrester  (F21-F12), 
A  plot  of  the  results  from  these  tests  is  shown  in  Figure  8-6. 

The  dual  20-mesh  screen  arrester,  the  single  30-mesh  screen  arrester,  and 
the  crimped  ribbon  arrester  were  all  successful  in  quenching  the  flashback 
flames  from  the  gasoline/air  mixture.  The  packed  bed  arrester,  in  the  original 
test  configuration  (No.  129),  was  unsuccessful  in  quenching  the  first  three  fir¬ 
ings.  Flame  sensor  data  actually  recorded  an  acceleration  in  flame  speed  during 
passage  through  the  bed  of  rings,  possibly  caused  by  induced  turbulence.  A 
single  30-mesh  screen  was  inserted  between  the  downstream  face  of  the  bed  and 
the  retainer  grid  as  shown  in  Figure  8-7.  This  test  configuration  (No.  130)  was 
retested  using  the  gasoline/air  mixture,  propane/air  mixture,  and  ethylene/air 
mixture.  It  proved  to  be  successful  in  quenching  the  flashback  flame  from  all 
three  fuel/air  combinations.  During  the  testing  with  ethylene/air  mixtures, 
there  was  evidence  of  slight  pressure  spiking  in  the  facility  piping  25  seconds 
after  ignition  and  concurrent  with  the  lean  blowout  of  the  flame  holding  on  the 
downstream  face  of  the  arrester.  Posttest  inspection  of  the  arrester  revealed 
nc  damage  to  the  screen  wire,  but  there  was  discoloiationindicating  that  the 
impinging  ethylene/air  flame  had  heated  the  screen  above  550°C  (1022°F). 


2000 


1400 


1200 


800 


3 

1/1 

a 

at 

a. 

S 


H  400 


Figure  8-6. 
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Gasoline/Air  Mixture  Test  Results 
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K.  MLTHAJK'L/AIR  MIXTURE  TESTS 

The  second  series  of  alternate  fuels  tests  was  made  with  methanol/air 
mix':  ir--  at  standard  test  conditions.  The  injection  equivalence  ratio  was  1.01 
.  .T/F  =  ■  .'ll)  for  maximum  flame  speed.  Time  required  to  fill  the  test  chamber 
averaged  1060  seconds,  because  of  the  cold  ambient  temperatures  and  the  low 
volatility  of  methanol.  The  nominal  measured  equivalence  ratio  at  ignition  was 
0.69  (A  F  =  9.38).  Tests  were  made  with  the  dual  20-mesh  screen  arrester 
anti  the  single  30-mesh  screen  arrester  using  the  upstream  igniter  position  (Tes 
Configuration  Nos.  133  to  135) . 

The  average  flame  speed  between  the  igniter  and  the  downstream  face  of  the 
test  arresters  (F81-F82)  was  U.35  m/s  ( lU . 3  ft/s).  The  highest  average  flame 
steel  measured  just  downstream  of  the  igniter  (F82-F83)  was  5.52  m/s  (18.1  ft/s 
Two  flame  sensors  at  the  exit  of  the  flame  chamber  (F86  and  F8T )  were  inopera¬ 
tive  luc  to  weather  conditions.  The  average  peak  pressure  rise  in  the  chamber 
war  8.31  ;i/m2  (0.120  psid).  Without  an  arrester  installed,  the  flashback  flame 
•  ore :  the  facility  piping  with  a  flame  speed  of  only  2.19  m/s  (7*2  ft/s),  and 
war:  unable  to  propagate  upstream  through  the  facility  piping.  A  plot  of  the 
results  from  these  tests  is  shown  in  Figure  8-8.  Both  the  dual  20-mesh  screens 
arrester  and  the  single  30-mesh  screen  arrester  were  successful  in  quenching 
all  flashback  flames  from  the  methanol/air  mixture. 
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Figure  8-8.  Methanol/Air  Mixture  Test  Results 
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F.  TCI.UEKE/AIR  MIXTURE  I  EFTS 

The  third  verier  o:'  al  terrixte  Fuels  tests  we.’-e  made  with  tou'.eno  air  mix' 
•<t  standard  test  conditions.  The  injection  equivalence  rati  was  1.0,.  (A/F  = 

; .  '6 )  r'or  maximum  Flame  spec  s .  Time  required  to  Fill  the  test  chamber  avers*; 
1070  seconds.  The  nominal  measured  equivalence  ratio  at  igni*  ior.  was  0.6c 
(A/F  =  19.9).  Tests  were  made  with  the  dual  20-mesh  screen  arrester  ana  the 
single  hO-ner-ii  screen  arrester  using  the  upstream  igniter  posit  :  on  (Test 
Configuration  llos .  13u  f>  138) . 

The  average  flame  speed  between  the  igniter  and  the  downstream  Face  of 
the  test  arresters  (F8I-F82)  was  5.h2  m/s  (17-8  ft/s).  The  highest  average 
flame  speed  measured  Just  downstream  of  the  igniter  (f82-F83)  was  6.27  m/s 
(20.6  ft  is);  from  there  it.  decelerated  to  only  2.65  m/ s  (8.7  ft/s)  at  the  fla: 
chamber  exit  (F56-F87).  The  average  peak  pressure  rise  in  the  chamber  was 
bbS  il,r.2  (0.096  psid),  the  lowest  value  recorded  for  all  fuel/air  mixtures. 
Without  a  flame  arrester  installed,  the  Flashback  flame  entered  the  facility 
piping  with  a  Flame  speed  of  only  0.6l  m/s  (2.0  ft/s)  and  was  unable  to  propa¬ 
gate  upstream  through  the  facility  piping.  A  plot  of  the  results  from  these 
tests  is  shown  in  F'igure  8-9-  Both  the  dual  20-mesh  screen  arrester  and  the 
single  30-mesh  screen  arrester  were  successful  in  quenching  all  flashback 
flames  from  the  t  cluer.e/air  mixtures. 


TEST  Nos.  1515  AND  1516 
CONFIGURATIONS  Noi.  136,  137,  AND  138 


□  AVERAGE  FLAME  SPEED  IN  CHAMBER 
A  FLAME  SPEED  IN  PIPING  WITHOUT  ARRESTER 
O  AVERAGE  PEAK  PRESSURE  RISE  IN  CHAMBER 
I  SPAN  OF  ALL  DATA 
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Figure  8-9.  Toluene/Air  Mixture  Test  Result 


fLAME  SPEED. 


1  y;.  FTHKh  a i  H  MIXTURE  TESTS 

••  ries  of  alternate  fuels  tests;  were  made  with  diethy  1  ether/ 
ir  mixv.re  a*  .  •  ••;,  iard  test  conditions.  The  injection  equivalence  ratio  was 
.it  >  A  '‘r  max  iraum  flame  speed.  Time  required  to  fill  the  test 

ir-mber  averages  ■80  s-  .raids .  The  nominal  measured  equivalence  ratio  at  the 
ime  o Ignition  was  0.71  ( A/F  =  15.8).  Tests  were  made  with  the  dual  20-mesh 
ere-.ri  arrester  and  the  single  30-mesh  screen  arrester  using  the  upstream 
pn iter  res.'  tior.  (Test  Configuration  lion.  139  to  lUl ) . 

Ti.v  average  flame  speed  between  the  igniter  and  the  downstream  face  of  the 
est  arrester  (F8i-F82)  was  5-6i  m/s  (21. U  ft/s).  The  highest  average  flame 
peel  measured  in  the  center  of  the  chamber  ( F8U-F85 )  was  11-95  m/s  (39-2  ft/s), 
he so  flame  r.peeus  were  the  second  highest  obtained,  next  to  the  ethylene/air 
ixture.  The  average  peak  pressure  rise  in  the  chamber  was  937  N/m^  (0.136  psid). 
itlic-.it  an  arrester  installed,  the  flashback  flame  entered  the  facility  piping 
ith  a  flame  speed  of  2.98  m/s  (9-78  ft./s)  and  propagated  upstream  accelerating 
o  59- ^3  m/s  (195  ft/s)  at  the  facility  inlet  arrester  (F21-F12).  A  plot  of  the 
esults  from  these  tests  is  shown  in  Figure  8-10.  Both  the  dual  20-mesh  screen 
rrec*-.-r  and  the  single  30-mesh  screen  arrester  were  successful  in  quenching 
11  flashback  flames  from  the  diethyl  ether/air  mixture. 
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TEST  No.,  1517  AND  1518 
CONFIGURATION  Non.  139,  140,  AND  141 

□  AVERAGE  FLAME  SPEED  IN  CHAMBER 
A  FLAME  SPEED  IN  PIPING  WITHOUT  ARRESTER 
O  AVERAGE  PEAK  PRESSURE  RISE  IN  CHAMBER 
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Figure  8-10.  Diethyl  Ether/Air  Mixture  Test  Results 
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li 


BUTANK/AIR  MIXTURE  TEHTl 


Tlk'  1  ifth  series  of  alternate  fuels  w.-ro  ::.-t  :>  wi  •  :  .ta:.-; 

mixture  at  standard  test  conditions.  The  i  u, jostle:.  valf.  ••  s  at  i  s  v-.s 

(A/K  =  13.68)  for  maximum  flame  speed,  lime  r—s.ii  r--:  to  f  j  i ,  test  -n 

averaged  ‘>07  seconds.  Tiie  nominal  measur- \i  •••.)  uvilen-v.-  ra'i"  a'  the  >  irr.< 
ignition  was  0.70  (A/K  =  1 9-fi)  •  Tests  were  mole  witi.  the  du-ij  .  -r.es;. 
arrestor  and  the  single  <0-mesh  screen  arrester  using  tie  urst  rears  ignis-- 
position  (Test  Configuration  Nos.  lid  to  111). 


The  average  flame  speed  between  the  igniter  arid  she  downstream  f 
She  test  arrester  ( K81-F82 )  was  3.62  m/s  (11.9  ft/s;.  The  higr.est  pv 
speed  measured  just  downstream  of  the  igniter  ( F62-F83 )  was  5. 07  m/s  (It 
from  there  it  decelerated  to  only  2.71  m/s  (8-9  ft/.  ,'  at  the  flame  oliamt 


■gr- 


exit  (F86-F87).  The  average  peak  pressure  rise 


•  he 


.-.hamoer  was 


926 


(u.llO  pslri). 


facility  piping  with  a  flame  speed  of  2. 26  m/s;  (7.1  ft/s)  and 


Without  an  arrester  installed,  trie  fleshb'-cK 

2.26 

accelerating  to  17.51  m-'s  (57.5  ft  /;:•)  a*  the  facility  ini 
A  plot  of  the  results  from  these  tests  is  sis  wi.  in  i-'-gure 
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CO-mesh  screen  arrester  and  Ur-  single  30-mesh  screen  arrester  wer 
in  quenching  ail  flashback  flames  from  the  butane/alr  mixtures. 


I.-  ACETALDEHYDE/ AIR  MIXTURE  TEST 

The  sixth  and  final  series  of  alternate  s  tests  were  mace  with 
acetal  ieaydr/ air  mixture  at  standard  test  c onuiti.;ns .  Tne  in.iecti  n  eq 
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alio  was  1.15  (A/F  =  6.82)  for  maximum  flame  speed.  Time  required  to  fill  the 
est  h amber  averaged  920  seconds.  The  nominal  measured  equivalence  ratio 
t  the  time  of  ignition  was  0.63  (A/F  =  12.5).  Tests  were  made  with  the  dual 
0-mesh  screen  arrester  and  the  single  30-mesh  screen  arrester  using  the  upstream 
gaiter  position  (Test  Configuration  Nos.  1^5  to  lbj). 

The  average  flame  speed  between  the  igniter  and  the  downstream  face  of  the 
est  arrester  (F81-F82)  was  5-30  m/s  (17-1*  ft/s).  The  highest  average  flame 
peei  measured  at  the  chamber  exit  (F86-F87)  was  12.11  m/s  (39.7  ft/s).  These 
lame  speeds  are  about  equal  to  those  obtained  for  the  diethyl  ether/air  mixture, 
ho  average  peak  pressure  rise  in  the  chamber  was  1102  N/m^  (0.160  psid),  which 
s  the  same  level  obtained  with  ethylene/air  mixture.  Without  an  arrester 
’..stalled,  the  flashback  flame  entered  the  facility  piping  with  a  flame  speed  of 
,22  m/s  (10.6  ft/s)  and  propagated  upstream  accelerating  to  111  m/s  (13^8  ft/s) 
t  the  facility  inlet  arrester  (F21-F12).  A  plot  of  the  results  from  these 
ests  is  shown  in  Figure  8-12.  Both  the  dual  20-mesh  screen  arrester  and  the 
ingle  30-mesh  screen  arrester  were  successful  in  quenching  all  flashback  flames 
rom  the  acetaldehyde/air  mixture. 


ARRESTER  SELECTION  FOR  SUSTAINED  BURNING  TESTS 

The  tests  described  above  completed  the  alternate  fuel/air  mixtures  step 
n  the  test  program  logic  diagram  presented  in  Figure  8-1.  Since  both  the  dual 
e-mesh  screen  arrester  and  the  single  30-mesh  screen  arrester  were  successful 
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Figure  8-12.  Acetaldehyde/Air  Mixture  Test  Results 
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in  quenching  all  flashback  fl runes  from  all  the  alternate  fuel  Tests,  *  hey  wo 
both  designated  by  the  U.S.  Coast  CSuard  for  sustained  burn 5 nr  tests,  along  wl  • 
t  ho  crimped  ribbon  arrestor  and  the  packed  bed  arrester  for  '  :.e  liASA  t  rcjec*  . 
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SECTION  IX 

SUSTAINED  BURNING  ARRESTER  TESTS 


A.  PROPANE: AIR  MIXTURE  TESTS 

The  first  series  of  sustained  burning  tests  were  made  with  propar.e/air  r: 
tures  at  the  standard  test  condition  where  the  injection  equivalence  rati:.  ws 
i.lA  (A, F  =  13.75) •  The  duration  of  testing  was  planned  for  jO  minute 3  t,  a. 
sufficient  time  for  the  test  assembly  to  reach  thermal  equilibrium.  in  the  c 
the  flame  penetrated  through  the  arrester,  the  test  was  terminated  as  quick.;,' 
possible  to  minimize  damage  to  the  facility  piping  and  instrumental!  u. 

The  duai  20-mesh  screen  arrester  and  the  single  jC-mesh  screen  arrester 
testeu  in  two  different  test  assembly  sizes,  the  original  15.2-om.  ;6-i:..  iit 
and  a  new  25 . 4-cm  (10- in. )  diameter.  This  was  done  t  evaluate  the  effects 
the  fuei  air  mixture  approach  velocity  and  f low-thr . ugh  velocity  on  t:.e  there 
environment  at  the  screens.  The  spiral-wound,  crimped  stain. ess-stee .  rihh  r 
arrester  and  the  packed  bed  of  Ballast  rings  arrester  were  the  same  _•  nfieura 
that  proved  successful  in  the  flashback  flame  testing.  A.i  arresterr  we:-e  i: 
strumented  with  additional  thermocouples  'Figure  9-1  t ■■  measure  thermal  tui. 
and  t  i  aid  in  predicting  an  impending  flame  penetration  when  the  arrester  to.- 
ture  approached  the  spontaneous  ignition  temperature  of  the  fuel,  air  mixt  .r<  . 

The  following  results  are  i'.r  the  pr-.-pane/air  mixture  sustaine :  :  ;rni:.,- 
tests.  A  tabular  summary  of  the  test  data  is  presented  it,  Appendix  • . 

..  Tingle  < 0-Mesh  Jcreen  Arrester,  1 5 . 2-cm  Diameter 
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I ' . '  i .  o-Mesri  .'■■•r-vt.  Arrester ,  .9.  -cm  Diameter 

A  sc nematic  t rawing  -f  this  tent  assembly  (Test  r  nf i gurat  i  n  N  .  . 9  . ' , 
sente.i  i«.  Figure  9-,’,  ,;h-  ws  the  .  cati  n  of  the  thermocouples  ; TbA  an:  Tar 
f  measure  the  t.w  screen  temperatures .  The  approaching  fiw  \ei  city  in  the 
cm-  1 6-in.-)  iiameter  pipe  was  1.9  m/s  (  9.G  ft/s )  and  the  fi  w-thr  ;.gh  veJ  ci 
in  the  screens  was  j.3  m/s  (10.6  ft/s).  Temperature  on  the  i  wnstream  screen 
reached  ar,  initial  plateau  of  92°C  (J96°K)  after  120  seconds  oporat  ioti  and 


mixture  flame  did  not  penetrate  through  this  single  30-mesh  screen  arrester.  A 
plot  of  the  test  results  is  presented  in  Figure  9-6.  Posttest  inspection 
revealed  only  slight  discoloration  of  the  wire  mesh  over  about  60%  of  the  surface 
area  as  shown  in  Figure  9-7 • 

h.  Dual  20-Mesh  Screen  Arrester,  25 . U-cm  Diameter 

A  schematic  drawing  of  this  arrester  test  assembly  (Test  Configuration  No. 
L5b),  presented  in  Figure  9-5,  shows  the  location  of  the  thermocouples  (T8A  and 
TtiB)  used  to  measure  the  two  screens'  temperatures.  The  approaching  flow  velocity 
in  the  25. U-cm-  (10-in.-)  diameter  pipe  was  O.56  m/s  (1.8  ft/s)  and  the  flow¬ 
through  velocity  in  the  screens  was  1.21  m/s  (3-96  ft/s).  The  temperature  on  the 
downstream  screen  (TbA)  reached  an  initial  plateau  value  of  l60°C  (320°F)  after 
1.20  seconds  of  operation  and  then  increased  to  a  nominal  value  of  190°C  (37^°F) 
for  the  remaining  30  minutes  of  operation.  The  upstream  screen  temperature  (?8B) 
reached  60°C  (l^C^F)  after  60  seconds  and  then  slowly  increased  to  70°C  (158°F) 
by  the  end  of  test.  The  propane/air  mixture  flame  did  not  penetrate  through  this 
dual  20-mesh  screen  arrester.  A  plot  of  the  test  results  is  presented  in  Figure 
9-8. 

The  maximum  temperature  for  this  20-mesh  screen  arrester  assembly  was  expected 
to  be  higher  than  that  measured  on  the  similar  sized  30-mesh  screen  arrester, 
because  of  the  lower  flow-through  velocity.  Posttest  inspection  revealed  that 
the  thermocouple  (T8A)  was  making  poor  contact  with  the  screen  surface  and  was 
located  in  an  area  of  low  temperature,  as  indicated  by  the  flame  impingement 
pattern  on  the  screen.  There  was  no  damage  to  the  screens  other  than  a  diseoiora- 
ti  n  covering  ab  ut  60%  of  the  flow  area  on  the  downstream  wire  mesh.  A  posttest 
ph  t. graph  of  the  20-mesh  screens  and  spacer  is  presented  in  Figure  9-9- 


TIME.  1 

Figure  9-6.  Single  30-Mesh  Screen  Arrester,  25. 4-cm  Diameter, 
Propane/Air  Mixture  Sustained  Burning  Test  Results 
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■’igure  9-9- 


10-i-iesh  Screen  Arrester,  25.9-cm  Diameter,  Posttest 


Apirai-V.'  ;u:il,  Crimped  Stainless-Steel  Ribbon  Arrester 


.  i'*9' ,  pro.- 


rawing  of  this  arrester  test  assembly  (Test  Configuration 
i  in  Figure  9-10  shows  the  location  of  the  six  thermocouples 
measure  the  crimped  ribbon  core  element  temperature.  The 
rlocity  in  the  30.5-cm-  ( 12-in.-)  diameter  pipe  was  0.39  m/s 
:■  flow-through  velocity  in  the  crimped  ribbon  core  element 
ft/r. ).  Temperature  at  the  downstream  center  of  the  core 
ie i  a  maximum  vai  ;e  of  1000°C  (l832°F)  after  900  seconds 
len  slowly  decreased  to  930 °C  (1706°F)  at  the  end  of  the 
iconds).  The  sustained  flame  had  to  be  burning  inside  the  core 
this  high  temperature ,  which  is  considerably  above  the  spon- 
imperature  cf  30t°C  (940°F)  for  the  propane/air  mixture.  The 
element  (T8B)  read  ed  this  spontaneous  ignition  temperature 
fore  lost  termination.  It  appears  that  the  sustained  flame 
inod  to  the  center  portion  of  the  downstream  face,  and  after 
.-ration,  the  flame  had  expanded  to  the  outer  perimeter  (T8A). 
<ture  flame  did  not  penetrate  through  this  spiral-wound, 

'•‘.eel  arrester  during  the  30-minute  test  duration.  However, 
id  net  reached  a  state  of  thermal  equilibrium  and  there  is 
.ce  ••!'  continuing  flame  propagation  into  the  core.  It  is 
ii»  arrestor  would  have  eventually  failed.  A  plot  of  the  test 


;  :i  d  tit! :.  arrester  test  assembly  revealed  some  minor 
lemon*,  in  *  ho  form  of  distortion  and  discoloration  to  the 
b  n  windings.  'idle  retainer  grid  was  also  distorted  from 
expansion  an  i  some  grid  elements  were  broken  at  the  weld 
dictograph  of  the  downstream  end  of  the  arrester  assembly 


Figure  9-11.  Spiral-Wound,  Crimped  Stainless-Steel  Ribbon 
Arrester  Propane/Air  Mixture  Sustained 
Burning  Test  Results 

6.  Packed  Bed  of  Aluminum  Ballast  Rings  Arrester 

A  schematic  drawing  of  this  arrester  test  assembly  (Test  Configuration 
Mo.  151),  presented  in  Figure  9-13,  shows  the  location  of  seven  thermocouples 
(T8A  to  T8G)  used  to  measure  the  temperature  in  the  bed  of  rings  and  on  the 
single  30-mesh  screen  retainer.  The  approaching  flow  velocity  in  the  25. U-cm- 
(10-in.-)  diameter  pipe  was  O.56  m/s  (l.8  ft/s),  the  flow-through  velocity  in 
tiie  bed  of  rings  is  estimated  at  0.9**  m/s  (3.1  ft/s),  and  the  flow-through 
velocity  in  the  30-mesh  screen  was  1.5  m/s  (U.9  ft/s).  Temperature  of  the 
screen  (ri’6o)  reached  the  nominal  value  of  350°C  (662°F)  after  200  seconds  of 
operation  and  held  fairly  steady  for  the  30  minutes  duration.  The  temperatures 
at  the  top  of  the  bed  (T8A  and  T8D)  increased  slightly  to  a  maximum  of  125°C 
(257°F)  due  to  radiation  only;  very  little  conductive  and  no  convective  heating 
was  possible.  The  lower  part  of  the  bed  remained  at  the  nominal  mixture  inlet 
temperature  of  50°C  (122°F).  The  propane/air  mixture  flame  did  not  penetrate 
through  the  30-mesh  retainer  screen  on  the  packed  bed  of  rings  during  the 
30-minute  test  duration.  A  plot  of  the  test  results  is  shown  in  Figure  9-1^. 
Posttest:  inspection  revealed  only  a  slight  downstream  bowing  and  discoloration 
of  the  retainer  grid  and  screen  as  shown  in  Figure  9-15. 
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Figure  9-1^.  Packed  Bed  of  Aluminum  Ballast  Rings  with  Single 
30-Mesh  Screen  Arrester  Propane/Air  Mixture 
Sustained  Burning  Test  Results 


?.  ETHYLENE/AIR  MIXTURE  TESTS 

This  last  series  of  sustained  burning  tests  were  made  with  ethylene/air 
mixture  at  standard  test  conditions  where  the  injection  equivalence  ratio  was 
1.15  (A/F  =  12.86).  The  planned  test  duration  was  30  minutes.  Only  1  lie  two 
arrester  configurations  of  the  NASA  funded  program  were  tested:  (1)  the  spirai- 
wound,  crimped  stainless-steel  ribbon  arrester,  and  (2)  the  packed  bed  of 
aluminium  Ballast  rings.  The  USCG  funded  program  did  not  require  sustained  burn¬ 
ing  tests  with  ethylene/air  mixtures  because  the  test  conditions  were  con¬ 
sidered  to  be  too  severe  for  screen-type  flame  arresters. 

The  following  results  are  for  the  ethylene/air  mixture  sustained  burning 
tests.  A  tabular  summary  of  the  test  data  is  presented  in  Appendix  E. 


1.  Spiral-Wound,  Crimped  Stainless-Steel  Ribbon  Arrester 

This  is  the  same  arrester  test  assembly  (Test.  Configuration  No.  150)  shown 
in  Figure  9-10.  The  test  flow  conditions  were  the  same  as  those  described  in 
Paragraph  A- 5  of  this  section.  On  the  first  test.  (No.  152^B)  the  flame  penetrated 
info  tlo  'ore  (T8A  and  T8e)  after  only  C 0  seconds  of  operation  and  reached  a 
high  temperature  of  around  900°C  ( l65?°F)  at  150  seconds.  The  flame  spread  t.o 
the  out'-r  perimeter  of  the  core  ('i'BB  and  T‘?Dl  increasing  this  area  tern  pern  tun  t ' 
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Figure  9-l6.  Spiral-Wound,  Crimped  Stainless-Steel  Ribbon  Arrester 
Ethylene/Air  Mixture  Sustained  Burning  First  Test 
Results 


2.  Packed  Bed  of  Aluminum  Ballast  Rings  Arrester 

This  is  the  same  arrester  test  assembly  (Test  Configuration  No.  152)  shown 
in  Figure  9-13.  The  test  flow  conditions  were  the  same  as  those  described  in 
Paragraph  A-6  of  this  section.  In  the  first  test  (No.  1525B)  the  temperature 
on  the  upstream  face  of  the  retainer  screen  (T8G)  increased  rapidly,  reaching 
the  spontaneous  ignition  level  of  l90°C  (91!*°F)  after  only  35  seconds  of  opera¬ 
tion.  Flame  penetration  occurred  at  13  seconds  when  the  screen  temperature 
reached  560°C  (10U0°F).  The  bed  of  aluminum  Ballast  rings  remained  at  the  inlet 
ethylene/air  mixture  temperature  with  only  the  downstream  center  of  the  bed  (T8A) 
receiving  any  measurable  radiation  from  the  sustained  burning.  Flame  penetra¬ 
tion  through  the  retainer  screen  was  followed  by  a  detonation  in  the  inlet  piping. 
Flame  speeds  measured  in  the  witness  section,  which  was  just  upstream  of  the  test 
arrester  section,  were  at  the  detonation  velocity  of  around  1830  m/s  (6000  ft/s). 
This  would  indicate  that  the  penetrating  flame  had  made  the  transition  from 
deflagration  to  detonation  within  the  length  of  the  packed  bed  arrester.  A 
plot  of  the  test  results  is  presented  in  Figure  9-18.  Posttest  inspection  of 
the  arrester  "evealed  some  distortion  and  discoloration  of  the  retainer  grid 
and  screen  assembly  caused  by  internal  pressure  developed  during  the  detonation. 

The  above  test  was  repeated  at  the  same  test  conditions  and  with  the  same 
arrester  test  assembly.  This  second  test  (No.  1525C)  resulted  in  a  detonation 
immediately  after  ignition.  Posttest  disassembly  and  inspection  ol’  the  packed 
bed  arrester  revealed  that  the  screen  retainer  had  been  impacted  in  several 
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TEST  No.  1524C 
CONFIGURATION  No.  150 
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Figure  9-17.  Spiral-Wound,  Crimped  Stainless-Steel  Ribbon 
Arrester  Ethylene /Air  Mixture  Sustained 
Burning  Second  Test  Results 

places  by  Ballast  rings  causing  punctures  as  shown  in  Figure  9-19.  The  unde¬ 
tected  damage  to  the  screen  was  probably  initiated  to  a  lesser  extent  during 
the  first  sustained  burning  test  that  resulted  in  a  detonation.  These  small 
punctures  allowed  flame  penetration  without  heat-up  on  the  second  test  and 
the  subsequent  detonation  enlarged  the  holes  to  the  size  shown. 
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CONCLUSIONS 


The  following  conclusions  have  been  reached  from  the  test  results  of 
experimental  evaluation  of  flame  arrester  devices  in  a  simulated  fuel  storage 
tank  vent  stack  installation  discharging  eight  types  of  combustible  fuel./air  mix¬ 
tures,  including:  (l)  propane,  (2)  ethylene,  (3)  gasoline,  (M  methanol, 

(5)  toluene,  (6)  diethyl  ether,  (7)  butane,  and  (8)  acetaldehyde.  The  test 
flame  arresters  were  mounted  on  the  end  of  a  15.2-cm-  (6-in.-)  diameter  pipe 
vent  located  in  an  unconfined  one-atmosphere  environment.  The  standard  test 
condition  used  an  injection  equivalence  ratio  from  1.0  to  1.2  to  produce  the 
theoretical  maximum  flame  speed  for  the  particular  fuel/air  mixture  in  use;  the 
fuel/air  mixture  temperature  ranged  from  10  to  38°C  (50  to  100°F),  and  the  inlet 
piping  nominal  flow  velocity  was  1.52  m/s  (5  ft/s). 

(1)  An  ignition  source  upstream  near  the  flame  arrester  and  in  the  center 
of  the  exhaust  plume  produced  the  highest  flashback  flame  speed  for 

a  flame  propagating  upstream  in  the  direction  of  the  arrester. 

(2)  Ethylene/air  mixture  produced  the  highest  average  flashback  flame 
speed  of  6.60  m/s  (21.65  ft/s),  ranging  from  4.86  to  10.66  m/s 
(15.94  to  34.98  ft/s). 

(3)  Butane/air  mixture  produced  the  lowest  average  flashback  flame  speed 
of  3.62  m/s  (11.88  ft/s),  ranging  from  2.92  to  4.25  m/s  (9-58  to 
13.94  ft/s). 

(4)  Flashback  flames  from  the  typical  bulk  cargo  fuels  tested  will  propa¬ 
gate  in  an  open  environment,  such  as  the  deck  of  a  transport  vessel, 
but  will  not  produce  a  detonation  unless  they  penetrate  an  opening 
leading  into  a  fuel  cargo  tank. 

(5)  The  single  30-mesh  stainless-steel  screen  arrester  was  effective  in 
quenching  flashback  flames  from  all  eight  fuel/air  mixtures  tested. 

(6)  The  dual  20-mesh  stainless-steel  screen  arrester  was  effective  in 
quenching  flashback  flames  from  all  eight  fuel/air  mixtures  tested 
except  the  ethylene/air  mixture,  where  the  flame  speed  was  4.86  m/s 
(15.94  ft/s)  or  faster. 

(7)  Damage  to  a  screen  flame  arrester  from  a  puncture,  tear,  or  corrosion 
that  results  in  holes  larger  than  the  original  mesh  size  renders  the 
screen  useless  in  quenching  a  flashback  flame.  The  damaged  screen 
should  be  replaced  to  restore  the  arrester's  effectiveness. 

(8)  The  spiral-wound,  crimped  stainless-steel  ribbon  arrester  was  effective 
in  quenching  flashback  flames  from  the  propane,  ethylene,  and  gasoline 
fuel/air  mixtures  tested,  and  would  probably  quench  the  other  five 
fuel/air  mixtures  listed. 


The  packed  bed  of  aluminum  Ballast  rings  arrester  with  single  30-mesh 
stainless-steel  screen  retainers  was  effective  in  quenching  flashback 
flames  from  the  propane,  ethylene,  and  gasoline  fuel/air  mixtures 
■•■sted,  and  would  probably  quench  the  other  five  fuel/air  mixtures 

I  sted. 

'fh.e  packed  bed  of  aluminum  Ballast  rings  arrester  without  the  single 
jO-mesh  screen  retainer  was  not  effective  in  quenching  flashback 
•'lames  from  gasoline/air  mixtures,  and  would  probably  not  quench  the 
ther  seven  fuel/air  mixtures  listed. 

The  test  configurations  for  the  single  30-mesh  screen  arrester,  the 
dual  20-mesh  screen  arrester,  the  spiral-wound,  crimped  ribbon  arrester, 
and  the  packed  bed  of  Ballast  rings  arrester  withstood  all  flashback 
flame  testing  without  any  structural  damage  and  only  slight  discolora¬ 
tion  from  the  short  duration  of  flame  impingement  (approximately 

•  T  seconds). 

The  single  30-mesh  screen  arrester  and  the  dual  20-mesh  screen  arrester 
withstood  flames  from  propane/air  mixtures  for  30  minutes  without 
st ructnral  damage  and  only  slight  discoloration  of  the  screen  wire. 

The  fuel /air  mixture  flow  velocity  through  the  openings  in  the  screen 
ranged  from  1.2  to  U.l  m/s  (3.9  to  13-5  ft/s),  depending  on  the  size 
of'  the  arrester  test  assembly.  In  each  configuration,  the  screens 
reached  a  condition  approaching  thermal  equilibrium  after  approximately 
-00  seconds  where  the  temperature  was  well  below  the  spontaneous  igni- 

•  ion  temperature  for  the  propane/air  mixture.  It  is  concluded  that 
•he  sustained  burning  conditions  on  these  arresters  could  have  contin¬ 
ued  for  an  indefinite  period  of  time. 

Trie  equilibrium  temperature  on  the  surface  of  a  screen  flame  arrester 
at.  sustained  burning  conditions  is  a  function  of  flow  velocity  of  the 
fuel/air  mixture  passing  through  the  screen;  the  lower  the  velocity, 
the  higher  the  equilibrium  temperature.  It  is  possible  that  at  very 
low  flow-through  velocities  the  temperature  of  the  screen  would 
increase  to  the  spontaneous  ignition  temperature  of  the  fuel  and  the 
flame  could  penetrate  the  screen  arrester. 

The  spiral-wound,  crimped  ribbon  arrester  withstood  flames  from  the 
propane/air  mixture  for  30  minutes.  During  this  time,  the  flame 
propagated  into  part  of  the  depth  of  the  core  element,  causing  dis¬ 
tortion  and  discoloration  of  the  stainless-steel  ribbon.  Thermal 
equilibrium  within  the  core  element  was  not  achieved  during  the 
30  minutes  of  testing  as  the  temperatures  measured  inside  the  ribbon 
windings  continued  to  increase  above  the  spontaneous  ignition  tempera¬ 
ture  for  propane/air  mixtures.  It  is  concluded  that  the  flame  would 
have  eventually  penetrated  the  arrester,  given  sufficient  time. 

Sustained  burning  from  the  ethylene/air  mixture  did  penetrate  through 
this  arrester  on  two  tests  of  U23  and  383  seconds.  Therefore,  the 
ability  of  this  type  of  flame  arrester  to  withstand  sustained  burning 
is  highly  dependent  on  the  flame  speed  and  the  spontaneous  ignition 
temperature  of  the  fuel/air  mixture. 


(lb)  The  packed  bed  of  Ballast  rings  arrester  with  a  single  30-mesh 

screen  retainer  withstood  flames  from  the  propane/air  mixture  for 
30  minutes.  The  results  were  very  similar  to  those  obtained  from 
the  single  30-mesh  screen  arrester,  and  it  is  apparent  that  the  be 
of  rings  has  little  or  no  influence  on  the  performance  of  this  arc 
configuration.  Sustained  burning  from  the  ethylene/air  mixture  Ji 
penetrate  through  this  arrester  in  only  hi  seconds  on  one  test,  r-- 
ing  in  a  deflagration-to-detonation  transition  within  the  bed  of 
rings.  The  retainer  screen  was  damaged  by  impacts  from  the  bed  of 
rings,  and  this  damage  allowed  the  flame  to  penetrate  immediately 
after  ignition  on  a  repeat  test.  It  is  concluded  that  the  packed 
bed  of  rings  arrester  with  a  single  30-mesh  screen  is  no  more  effv- 
tive  than  a  single  30-mesh  screen  in  withstanding  and  quenching 
flashback  flames. 


RECOMMENDATIONS 


•Based  upon  the  results  of  this  test  program,  the  following  ree'-rx.on  ia* 
are  made  regarding  the  selection  and  installation  of  flame  ar restir..*  review 
fuel  storage  tank  vent  stacks  in  a  marine  environment: 

(l)  Based  upon  flame  quenching  capability,  structural  durability,  an<: 
low  susceptibility  to  corrosion  and  fouling,  the  following  flame 
arrester  devices  have  been  found  effective  in  preventing  flashback 
flames  in  an  open  environment  from  entering  vent  openings  cf  a  c? 
tank  containing  typical  bulk  fuels:  (l)  single  30-mesh  stainless 
steel  screen,  (2)  dual  20-mesh  stainless-steel  screen,  (3)  spiral 
wound,  crimped  stainless  steel  ribbon,  and  (U)  packed  bed  of  alun 
Ballast  rings  with  single  30-mesh  stainless-steel  screen  re* nine: 
Ethylene,  which  is  a  gas  at  ambient  temperature  and  pressure,  i 
not  a  typical  bulk  cargo  fuel. 


-.irij.ess- 
spiral - 
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Based  upon  the  ability  to  withstand  30  minutes  of  continuous  burninr 
a  propane/air  mixture,  the  following  flame  arrester  devices  have  beer, 
found  effective  in  sustaining  the  flame  from  typical  bulk  cargo  fuels 
(l)  single  30-mesh  stainless-steel  screen,  (2)  dual  20-mesh  stainles: 
steel  screen,  (3)  spiral-wound,  crimped  stainless-steel  ribbon,  and 
(U)  packed  bed  of  Ballast  rings  with  single  30-mesh  stainless  steel 
screen  retainers.  Spiral-wound,  crimped  metal  ribbon  arrest. ers  app-a 
to  have  a  finite  time  duration  for  sustained  burning  conditions,  an; 
should  therefore  be  evaluated  for  the  specific  fuel  and  at  the  most 
severe  condition  of  the  intended  applications.  None  of  the  flame 
arrester  devices  tested  is  effective  in  sustaining  the  flame  from  a:, 
ethylene/air  mixture  for  30  minutes  duration. 

Based  upon  the  inverse  relationship  between  the  equilibrium  tempera: u 
of  a  screen  flame  arrester  at  sustained  burning  conditions  and  the 
fuel/air  mixture  flowthrough  velocity,  it  is  recommended  that  in  fuel 
transfer  operations  the  rate  of  fuel  flow  should  be  fast  enough  to 
keep  the  exhaust  velocity  of  vented  flammable  mixture  well  above  the 
laminar  burning  velocity  cf  the  fuel  being  transferred.  In  the  ever.* 
of  a  flashback  flame,  this  safety  precaution  will  aid  in  keeping  tic 
screen  flame  arrester  on  the  vent  from  over-heating  by  a  sustained 
flame. 


The  selection  of  a  location  for  the  flame  arrester  device  or.  the  vent 
stack  should  be  limited  to  the  very  end  of  the  pipe.  The  flame  queue 
ing  ability  of  the  arrester  is  reduced  by  any  length  of  pipe,  housing 
or  mechanical  device  downstream  of  the  arrester.  Screen-type  flame 
arresters  are  effective  only  if  they  are  undamaged  by  punctures  or 
tears  in  the  wire  mesh  and  there  are  no  gaps  or  holes  around  the  p* r '. 
pliery  larger  than  the  openings  specified  for  the  20-  or  '0-mesh  svv  ■• 
All  flame  arrester  devices  should  be  periodically  inspected  f  r  iana.-* 
and  cleaned  to  remove  fouling  and  corrosion. 


r 


(S)  The  selection  of  materials  used  in  the  construction  of  arresters 
should  be  based  on  their  compatibility  with  the  local  environment 
and  the  fuel  vapors  to  be  encountered.  However,  stainless  steel 
is  recommended. 

The  data  and  experience  obtained  from  these  flashback  flame  and  sustained 
burning  tests  is  limited  to  those  fuel  and  air  mixtures  tested  in  a  15.2-cm- 
(l6-in.-)  diameter  pipe  size.  It  is  recommended  that  extrapolation  of  this 
data  should  be  limited  to  the  following: 

( 1 )  Application  to  other  fuels  should  be  limited  to  those  hydrocarbon 
fuels  that  have  similar  combustion  characteristics  to  those  fuels 
tested. 

(2)  Applications  scaled  down  to  pipe  sizes  smaller  than  15.2-cm  (6-in.) 
diameter  are  considered  to  be  conservative. 

(3)  Scaled-up  applications  should  be  limited  to  pipe  sizes  no  larger 
than  a  20.3-cm  (8-in.)  diameter,  providing  adequate  consideration 
is  given  to  structural  strength. 
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APPENDIX  A 


TEST  CONFIGURATION  LOG 


Configuration 

No . 

Test  No. 

Descript  ior. 

100  to  112 

1.1*88  to 

U*95 

The  first  thirteen  test  configurations  were  ev:;l  :e 
during  the  facility  checkout  tests.  They  include: 

the  preliminary  installation  of  a  subscale  flame 
chamber  that  was  later  replaced  by  the  full-scale 
flame  chamber  and  the  exhaust  collector  burn  stn  ’k. 
Flame  sensors  on  the  flame  chamber  outer  wall  were 
repositioned  from  the  horizontal  center  line  tc  'he 
top  center  line.  Three  igniter  positions  useu  in 
the  flame  chamber  were  (l)  upstream,  (2)  middle, 
and  (3)  downstream.  An  aluminum  flame  shield  was 
installed  on  the  inlet  piping  upstream  of  the  flame 
arrester  test  section.  Also,  a  second  aluminum 
flame  shield  was  installed  in  front  of  the  down¬ 
stream  flame  chamber  frangible  diaphram.  Fuels  used 
on  these  checkout  tests  were  gasoline  and  commercial 
grade  propane.  The  test  arresters  included  both  the 
dual  20-mesh  screens  and  the  single  30-mesh  screen. 

113  IU96  (A-C)  This  test  configuration  is  shown  in  Figure  7-2. 

Flame  arrester:  dual  20-mesh  screens 

Fuel :  propane 

Igniter  position:  upstream 

llU  ll*97  (A-C)  Flame  arrester:  dual  20-mesh  screens 

Fuel :  propane 

Igniter  position:  downstream 

115  ll*98  ( A— D )  Flame  arrester:  single  30-mesh  screen 

Fuel :  propane 

Igniter  position:  downstream 

116  ll*99  (A-C)  Flame  arrester:  single  30-mesh  screen 

Fuel:  propane 

Igniter  position:  upstream 

117  1500  (A-C)  Flame  arrester:  single  30-mesh  screen 

Fuel:  ethylene 

Igniter  position:  upstream 

118  1501  (A)  Changed  the  exhaust  collector  burn-stack  flame 

arrester  from  an  Amal  spiral-wound ,  crimped  stain¬ 
less-steel  ribbon  to  a  Shand  and  Jurs  spi ral-wouuu , 
crimped  aluminum  ribbon  assembly. 

Flame  arrester:  single  30-mesh  screen 

Fuel:  ethylene 

Igniter  position:  upstream 
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Test 

No. 

Description 

119 

1501 

(B-D) 

Flame  arrester: 

Fuel : 

Igniter  position: 

single  30-mesh  screen 

ethylene 

downstream 

120 

1502 

(A) 

Flame  arrester: 
Fuel : 

Igniter  position: 

none 

ethylene 

downstream 

in 

1502 

(B-D) 

Flame  arrester: 
Fuel : 

Igniter  position: 

dual  20-mesh  screens 

ethylene 

downstream 

1503 

(A-C) 

Flame  arrester: 

Fuel : 

Igniter  position: 

dual  20-mesh  screens 

ethylene 

upstream 

12  j 

15014 

(A-C) 

Flame  arrester: 
Fuel : 

Igniter  position: 

crimped  ribbon 

propane 

upstream 

NOTE : 

All  of  the 
located  in 
noted . 

following  tests  were 
the  upstream  position 

made  with  the  igniter 
unless  otherwise 

i?;* 

1505 

(A-D) 

Flame  arrester: 
Fuel : 

crimped  ribbon 
ethylene 

125 

1506 

(A-D) 

Flame  arrester: 
Fuel : 

crimped  ribbon 
gasoline 

1.  't 

1507 

(A-D) 

Flame  arrester: 
Fuel : 

none 

gasoline 

12  7 

1507 

1508 

(O 

(A-B) 

Flame  arrester: 

Fuel : 

single  30-mesh  screen 
gasoline 

:  . :) 

1508 

(C-E) 

Flame  arrester: 
Fuel : 

dual  20-mesh  screens 
gasoline 

J  29 

1509 

(A-C) 

Flame  arrester: 
Fuel : 

packed  bed  of  rings 
gasoline 

130 

1510 

(A-C) 

Flame  arrester: 

Fuel : 

packed  bed  of  rings  with  single 

30-mesh  screen 

gasoline 

A-2 
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Configurat ion 
No. 

Test 

No. 

Description 

131 

1511 

(A-D) 

Flame  arrester: 

Fuel : 

packed  bed  of  rings  with  single 

30-mesh  screen 

ethylene 

132 

1512 

(A-C) 

Flame  arrester: 

Fuel : 

packed  bed  of  rings  with  single 

30-mesh  screen 

propane 

133 

1513 

(A-C) 

Flame  arrester: 

Fuel : 

single  30-mesh  screen 
methyl  alcohol 

13** 

1513 

(D) 

Flame  arrester: 

Fuel : 

none 

methyl  alcohol 

135 

1511 

(A-C) 

Flame  arrester: 

Fuel: 

dual  20-mesh  screens 
methyl  alcohol 

136 

1515 

(A-C) 

Flame  arrester: 
Fuel: 

dual  20-mesh  screens 
toluene 

137 

1515 

(D) 

Flame  arrester: 
Fuel: 

none 

toluene 

138 

1516 

(A-D) 

Flame  arrester: 

Fuel : 

single  30-mesh  screen 
toluene 

139 

1517 

(A-C) 

Flame  arrester: 
Fuel : 

single  30-mesh  screen 
diethyl  ether 

li+0 

1517 

(D) 

Flame  arrester: 

Fue  1 : 

none 

diethyl  ether 

lltl 

H 

VJ7 

CD 

(A-C) 

Flame  arrester: 

Fuel : 

dual  20-mesh  screens 
diethyl  ether 

ll2 

1519 

(A-D) 

Flame  arrester: 

Fuel  : 

dual  20-mesh  screens 
butane 

1^3 

1519 

(E) 

Flame  arrester: 

Fuel : 

none 

butane 

lUU 

1520 

(A-C) 

Flame  arrester: 
Fuel : 

single  30-mesh  screen 
butane 

1U5 

1521 

(A-C) 

Flame  arrester: 

Fue  1 : 

single  30-mesh  screen 
acetaldehyde 

A- 3 
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Confi gurat  ion 

No. 

Te  s  t 

No. 

Description 

it  6 

1521 

(D) 

Flame  arrester: 

none 

Fuel : 

acetaldehyde 

l.L*  \ 

i  522 

(A-C) 

Flame  arrester: 

dual  20-mesh  screens 

Fuel : 

acetaldehyde 

14  6 

1523 

(A-B) 

Changed  the  test 

assembly  to  the  sustained  burning 

test  configuration. 

Flame  arrester: 

crimped  ribbon 

Fuel : 

propane 

i-9 

1521+ 

(A) 

Changed  the  thermocouples  in  the  test  arrester 
from  open  tip  ungrounded  to  closed-end  grounded. 

Flame  arrester: 

crimped  ribbon 

Fuel : 

propane 

150 

1521+ 

(B-C) 

Flame  arrester: 

crimped  ribbon 

Fuel : 

ethylene 

151 

1525 

(A) 

Flame  arrester: 

packed  bed  of  rings  with  single 
30-mesh  screen 

Fuel: 

propane 

150 

1525 

(B-C) 

Flame  arrester: 

packed  bed  of  rings  with  single 
30-mesh  screen 

Fuel : 

ethylene 

153 

1526 

(A) 

Flame  arrester: 

15.2-cm-  (6.0-in.-)  diameter 
single  30-mesh  screen 

Fuel : 

propane 

15  it 

1526 

(B) 

Flame  arrester: 

15.2-cm-  (6.0-in.-)  diameter 
dual  20-mesh  screens 

Fuel : 

propane 

.1  55 

1527 

(A) 

Flame  arrester: 

25.i+-cm-  (10.0-in.-)  diameter 
single  30-mesh  screen 

Fuel: 

propane 

L5(i 

1527 

(B) 

Flame  arrester: 

25.1-cm-  (10.0-in.-)  diameter 
dual  20-mesh  screens 

Fuel : 

propane 

£ 


l 
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APPENDIX  B 

TABULAR  SUMMARY  OF  STEADY-STATE  MEASURED 
AIR  AND  FUEL  SYSTEM  TEST  CONDITIONS 
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APPENDIX  C 

TABULAR  SUMMARY  OF  TRANSIENT-STATE  MEASURED 
FLAME  SPEED  AND  PEAK  PRESSURE  RISE 
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APPENDIX  D 


TABULAR  SUMMARY  OF  AVERAGED  MEASURED  FLAME  SPEED 
AND  PEAK  PRESSURE  RISE  FOR  FUELS 
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APPENDIX  E 

TABULAR  SUMMARY  OF  TEMPERATURE  MEASUREMENTS 
FOR  SUSTAINED  BURNING  TESTS 
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